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Inasmuch as alteration of capillary permeability to plasma protein has been 
considered as one of the possible primary changes in shock, its quantitative 
measurement is important. Most of the data on permeability in shock has 
been derived from the use of completely foreign substances, such as dyes, or in- 
directly, by studies of changes in blood, lymph, or edema fluid. As far as we are 
aware, there has been no direct proof that capillary permeability to plasma pro- 
teins is increased in shock although alterations have usually been assumed to 
occur. The decrease in effective blood volume, which is universally accepted as 
characteristic of shock, might be accounted for by dilatation of vessels and stag- 
nation of blood as well as by increased leakage of plasma from capillaries. 

The details of a direct and quantitative method for measuring the rate of 
passage of a protein across the capillary endothelium of the dog are presented 
here. The method is a modification of that used by Field and Drinker (1) to 
demonstrate the passage of horse protein into lymph in normal animals. Horse 
serum was injected intravenously, and cervical and thoracic duct lymph were 
examined to determine the time and rate of appearance of the antigenically 
detectable serum protein. Since the horse serum was introduced by vein, any of 
it appearing in the lymphatics must have passed across the capillary endothelium. 
Therefore, direct passage of protein is measured by this technic. The method 
does not fulfill the requirements of a strict definition of permeability, and the 
factors involved in this will be considered in the discussion. The results obtained 
give evidence of prompt alteration of capillary permeability in both burned and 
non-burned areas. 

Metuops. The dogs used weighed from 10 to 20 kgm. and were fed on table 
scraps. In most cases they were starved for approximately 24 hours before the 
experiment. The anesthesia used was that recommended by Wiggers (2); 3 
mgm. per kgm. of morphine sulfate subcutaneously, followed in one-half hour 


1 Presented before the Undergraduate Medical Association of the School of Medicine of 
the University of Pennsylvania, and the Physiological Society of Philadelphia, March, 1943 
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by two-thirds the calculated dose of sodium barbital (175 mgm. per kgm.) given 
slowly by vein. During the burn this anesthesia was re-inforced briefly with 
ether. 

The cervical and thoracic ducts were exposed by separate incisions. The 
cervical duct was either brought out through a skin incision and the lymph 
allowed to drip into a tube, or it was cannulated. The first method removed the 
difficulty of clotting in the cannula when the flow was slow. Thoracic lymph was 
secured by means of a cannula in the thoracic duct. Lymph was collected in 
graduated glass tubes, allowed to clot, and was later rimmed and centrifuged. 
To increase the flow of cervical lymph the head was either made to nod by the 
method of McCarrell (3) or was massaged. 

The “standard burn”. Dogs, anesthetized as described above, were clipped 
free of all hair below the axillae. Ether was administered for 2 minutes prior to 
the burn, and a sufficient amount was given during the burn to keep the animal 
quiet. In the control experiments ether was administered for 5 minutes to 
approximate the amount given the burned animal. Horse serum in concentra- 
tion of 7.0 to 8.0 grams per cent protein was then injected intravenously, the 
volume being 2.0 ml. per kgm. Immediately thereafter the body was immersed 
up to the axillae in water at 72°C. for 60 seconds. Animals subjected to this 
burn, if untreated, died in from 4 to 19 hours (Parkins, 4). 

Observations were continued for 3 hours after the injection of the horse serum. 
Lymph was collected from the two ducts, blood samples withdrawn at intervals, 
and the pulse, respiration and rectal temperature taken as a check on the condi- 
tion of the animal. The blood was taken from the saphenous, external jugular, 
or femoral veins. The total protein in plasma and lymph was determined by the 
biuret method of Kingsley (5). Horse serum protein concentrations in plasma 
and lymph were determined by precipitation with anti-horse rabbit serum and 
the concentration of precipitate read turbidimetrically. Hematocrit determina- 
tions were done by the method of Sanford and Magath (6). 

Turbidimetric method. Anti-horse rabbit sera were pooled, lyophilized, and 
used as a constant source. Toa test tube containing 0.6 ml. of a freshly prepared 
standard concentration of anti-serum was added 0.3 ml. of centrifuged plasma or 
lvmph. Each tube contained 0.1 ml. of Heller and Paul’s (7) oxalate mixture 
to prevent clotting. The contents were thoroughly mixed, incubated at 38°C. 
for one hour, refrigerated overnight and centrifuged. Each precipitate was 
washed twice with cold physiological salt solution to remove extraneous color. 
Centrifuging was done in iced cups, and care was taken throughout the entire 
procedure to maintain a low solubility by keeping the precipitate cold. The 
precipitate was made up to 1.0 ee. with cold 0.85 per cent sodium chloride, mixed 
thoroughly, and read immediately in the Klett-Summerson colorimeter using a 
420 mu filter. Samples of plasma and lymph taken before the horse serum injec- 
tion always showed some non-specific precipitation, and these values were used 
as the zero for the particular experiment. In a control experiment in which the 
animal was burned without receiving horse serum, there were no changes in the 
amount of this precipitate in samples of plasma and lymph taken before and for 
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3 hours after the burn. A calibration curve was determined by precipit 
horse serum added in known concentration to dog plasma or lymph. This 
a curve relating the galvanometer deflection by the precipitate suspension 
milligrams of horse-serum protein. 

RESULTs. 1. Effect of the ‘“‘standard”’ burn or cap permeatnlity In 
studying capillary permeability, lymphs from the cervical and left thoracic ducts 
have been compared. The cervical duct drains the head and neck on that side 
whereas the left thoracic duct drains the visceral area and most of the body bel 
its point of entrance into the jugular or subclavian vein. With the type of burn 
used, the cervical drainage area is remote from the site of the burn, but the left 
thoracic duct receives fluid from the burned area. 


Fig. 1 Fig. 2 
Fig. 1. Chart showing the rate of passage of horse serum in normal and burn-shocked 
dogs for cervical lymph. Points are plotted at the end of the collection period. Numbers 
refer to the number of the experiment. 
Fig. 2. Chart as in figure 1, for thoracic duct lymph. 


In the normal animal, comparison of the time of appearance and rate of pas- 
sage of horse protein in the two areas gives a contrast between a visceral and a 
somatic area. The solid lines in figure 1 and figure 2 represent the data obtained 
with 3 normal animals. The charts show the rate of passage of horse serum 
across capillaries of the cervical and thoracic drainage areas. A comparison of 
the rates supports the suggestions made by Starling (8) on the basis of difference 
in lymph protein concentrations, that the thoracic drainage area (mainly visceral 
is more permeable than the cervical drainage area (mainly somatic). This is 
shown first by the fact that whereas horse serum was detected in thoracic lymph 
in about 20 minutes, between 50 and 100 minutes elapsed before its appearance 
in cervical lymph. The latter confirms the finding of Field and Drinker (1 
Second, it is seen that initially the rate of passage was greater in thoracic lymph. 
Third, horse serum protein concentration reached higher levels in thoracic than 
in cervical lymph. The concentrations reached were of the order of 10 mgm. 
per cent in cervical lymph, and 100 mgm. per cent in thoracic lymph. 
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When an animal was subjected to the “standard” burn, the shape of the curve 
was altered in both areas (see dotted lines in figs. 1 and 2). The horse serum was 
detected in the thoracic lymph in high concentration within 10 minutes. The 
high initial rate of appearance is readily apparent from the charts. Horse pro- 
tein was detected in the cervical lymph within 10 to 20 minutes as contrasted 
with between 50 and 100 minutes in the normal dog. Here, too, the initial 
rate of passage was greater. 

2. Effect of the “standard” burn on total protein in plasma, cervical and thoracic 
duct lymph. Intravenous injection of horse serum as used here did not alter 
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Fig. 3. Chart showing protein concentrations in plasma, cervical and thoracic duct 
lymph over the three hour observation period following injection of horse serum. Dog 18, 
15 kgm. Control animal. 

Fig. 4. Chart as in figure 3 for animal subjected to “standard” burn. Dog 26, 12 kgm. 


the plasma protein level of the normal dog. This is shown in figure 3, which 
gives results typical of 3 experiments. Over a period of 3 hours, administration 
of horse serum caused no significant change in the total protein concentration 
of either cervical or thoracic duct lymph. A typical experiment is shown in 
figure 3 which gives data for plasma protein, cervical and thoracic duct lymph 
protein. Horse serum protein does appear in lymph as shown above, but the 
concentrations in both blood and lymph are within the limits of error of the 
method for total protein determination. 

Plasma protein levels rise after the standard burn as shown in figure 4. The 
presence of hemolysis in the serum of burned animals introduces an error in 
these determinations, tending to give higher than the true values. Values as 
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given are uncorrected. Examination of the protein concentration of thoras 

duct lymph showed only small changes (fig. 4). Promptly after the burn, the 
concentration tended to fall and onlv after one or two hours did it slowly rise 
The slow rise was probably due to the presence of hemoglobin. These results 


are surprising in view of Field and Drinker’s (1) finding that heating of a limb 


area (Glenn, Peterson and Drinker, 9). These workers used a burn of 100% 
for 2 minutes, which may account for the difference. Another possible explana- 
tion is that the increased rate of filtration of fluid from the large burned area 
more than offsets any increase in amount of protein, vascular or extravascular. 
Cervical lymph duct protein concentration showed a similar downward trend in 
our experiments, and tended to rise slowly after 2 or 3 hours. The concentration 
of hemoglobin here was too small to alter the colorimetric readings of protein. 

3. Other effects of the “standard” burn. A striking degree of hemolysis in plasma 
was'seen promptly following a burn (see among others Freeman and Schecter 
(10) and Glenn, Peterson and Drinker, 9). Samples of blood taken within 10 
minutes after immersion showed marked hemolysis which was present through- 
out the three hour observation period. Hemoglobin was present in thoracic 
duct lymph in visible traces within 15 minutes, and by the end of 2 hours the 
lymph was bright red. Hemoglobin appeared in cervical duct lymph in about 
35 minutes and the concentration was much lower at all times. At the end of 
3 hours, it was perceptible as a faint coloring rather than the searlet red 
of thoracic lymph at this time. This confirms the finding with horse protein 
of the difference in permeability of the cervical and thoracic drainage areas. 

Hematocrit. It is well known that burns produce hemoconcentration. This 
was usually prompt following the standard burn, and levels of around 60 to 70 
per cent were maintained during the course of the experiment. 

Rectal temperature. Initial rises from the normal of 101 to 102°F. to levels 
around 104°F. occurred, but usually by the second hour the temperature was 
falling slowly (fig. 4). In some cases, the drop was followed by a secondary rise. 

Lymph flow. The volume of thoracic lymph flow depends mainly on the 
state of the respiration and intestinal activity following the burn (Drinker and 
Yoffey,11). It is therefore questionable whether much can be learned from varia- 
tions in flow. Cervical lymph flow did not alter as much as thoracic flow, but 
the changes were in the same direction of an initial increase which slowly tapered 
off to the previous level. 

Discussion. The strict definition of permeability requires that there be 
measured the units of mass passing through unit area and thickness of mem- 
brane in unit time under the influence of unit hydrostatic pressure (Landis, 12). 
In the work presented here, we have measured the units of mass passing in a 
given time. While in the normal animal it may be assumed that the area and 
thickness of the filtering membrane did not change, this cannot be done with 
safety in the burned animal. At present, we can only guess at the area of the 
capillaries in the normal dog, and there are no estimates available of the area in 
shock. The only measurements of capillary blood pressure in shock that we 


j promptly and markedly increased the protein concentration of lymph from that 
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know of are those of Szanto (13). He found that the capillary blood pressure 
was decreased in surgical shock. It should be considered that the increase in 
rate of passage of protein may be due to increase in hydrostatic pressure or 
filtering area, as well as to increase in permeability per se. Without direct 
measurements of the first two factors, it is not possible to evaluate their sig- 
nificance at present. 

It will be recalled that the animals were burned from the feet to the axillae. 
The increase in rate of passage of protein across the capillaries in the burned 
area is not surprising, although to our knowledge it has not been demonstrated 
before. But it is of even greater interest that the rate of passage of protein in 
the unburned area is altered in burn-shock. It should be emphasized that 
protein analyses of fluid from the burned area do not exclude extravascular 
sources of protein, nor have rates of passage usually been measured by this 
method. In our experiments, the horse protein could not have come from any 
site other than the vascular system. 

The demonstration of a prompt alteration in permeability in the non-burned 
area is of great interest. Our results with total protein in lymph resemble those 
of MeCarrell and Drinker (14) in histamine shock. They found ‘early in the 
period of shock a considerable amount of proteinized fluid escaped from the 
blood stream.’’ On the other hand, in shock following hemorrhage, Fine and 
Seligman (15) state that they found no evidence of a significant loss of radio- 
active protein in the tissues after a moderately severe hemorrhage in dogs. The 
method reported here has not yet been applied in the conditions resulting from 
different types of hemorrhage, especially using a more extreme and prolonged 
hypotension than that employed by Fine and Seligman. 

The fact that the change in permeability follows so shortly after the burn 
suggests the existence of a circulating toxic factor, although neurogenic and 
other possible factors have not been eliminated. In the past, the numerous 
failures to demonstrate a toxic substance have been largely efforts to demon- 
strate a vasodepressor action in normal animals, but the weight of recent evidence 
indicates that the lowering of blood pressure is a secondary change (e.g., Blalock, 
16). A crucial experiment would be to test the effect of blood or lymph from 
the burned animal on the rate of passage of protein in normal dogs. The altera- 
tion of permeability in the non-burned area also raises the question as to how 
much this change may contribute to the development of shock. Data must be 
obtained on how permeability is altered at longer times following the burn 
before this can be evaluated. 

The fact that we did not find a significant increase in the concentration of 
total protein in lymph following the burn has been mentioned. This is not 
contrary to the finding of increased concentration of horse protein, because the 
concentration depends on the movement of fluid as well as of protein. The 
evidence from rise in hemotocrit, rise in serum protein, rise in lymph flow, and 
initial decrease in concentration of lymph protein together point to increased 
filtration of fluid. Use of the total protein concentration of lymph as a measure 
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of endothelial permeability is, therefore, open to question. Landis 12) has 
emphasized that the original filtrate from the capillaries is modified by fluid 
movement. Furthermore, extravascular sources of protein in lvmph in shock 
have not been excluded. In our experiments, the increase in rate of appearance 
of horse serum has certainly not been accompanied by an increase in total protein 
concentration in lymph. 

The effect of anesthesia should be considered in connection with our results 
It is well known that prolonged general anesthesia lowers the resistance of the 
animal to various forms of shock. The effect of the anesthesia per se on capillary 
permeability cannot be determined until the method is studied with animals 
under local anesthesia. In our experiments the anesthetic agents used wer 
equivalent in the normal and burn-shocked animals. 

Finally, the question may be asked whether data on horse serum in the dog 
are applicable to the normal protein of the dog. We have been unable to find 
data on the properties of dog serum protein. The physical properties of hors 
serum proteins resemble closely those of other mammalian species studied 
(Svedberg and Pedersen, 17). Antigenic differences are believed to be due to 
spatial arrangement of groupings, and not to a fundamental alteration of protein 
structure (see among others the recent work of Pauling and Campbell, 18). 
Finally, the marked increase in lymph flow accompanying only a slight fall in 
lymph protein concentration indicates that the total amount of native protein 
in the lymphatics of the dog is increased. We, therefore, feel that increased 
passage of horse protein across capillaries in the dog implies an increased passage 
of dog protein as well. 


SUMMARY 


1. A method is presented for using the rate of passage of horse serum protein 
across the capillary endothelium of the dog as a measure of capillary permeability 

2. The greater permeability of the capillaries draining the thoracie duct area 
than those of the cervical duct area is demonstrated quantitatively by this 
method in 3 normal dogs. 

3. In dogs, following a burn up to the axillae by immersion in water at 72°C. 
for 60 seconds, there is a prompt increase in the rate of passage of protein, 
both in the burned area and in the non-burned area as well. 

4. Values for total protein concentration in plasma, cervical and thoracic duct 
lymph are given for normal and burned animals. These did not demonstrate the 
permeability changes seen by the use of immunologically detectable horse protein. 

5. The effect of the burn on hemoconcentration, rectal temperature and lymph 
flow is given. Intravascular hemolysis and escape of hemoglobin into the 
lymphatics is a consequence of severe burn. 
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Within the past quarter century considerable information has been accumu- 
lated concerning the behavior of water in the body on exposure to cold environ- 
ments. This has been derived chiefly from the results of reflex processes aroused 
by the action of cold on the body surface, the responses being in general of a 
protective nature. 

Down to a very low degree of temperature the effects of environmental cold are 
such that the mammalian organism is able to maintain its own temperature levels 
within very nearly the normal limits. The mechanisms of heat production and 
conservation longest recognized all result in water shifting. 

In response to cold the tendency is toward a centripetal movement of water 
from the surface of the body to the interior of the cells themselves. Increasing 
metabolism in such cells, as those of the muscle and liver, tends to attract water 
by osmotic pressure, and the familiar vascular changes associated with cold may 
play a further part in the shifting of water from the circulation to the tissue 
spaces. 

That the above mentioned reflexes are mediated chiefly through the anterior 
hypothalamus has been shown in this laboratory (Barbour, 1940). It had, in 
ced, long been known that elimination of the function of the base of the brain, 
either by operative procedures or anesthesia, is inimical to temperature regulation. 
No attempt however has apparently been made to determine what water shifting 
may occur in the chilled body stripped of its normal defenses against cold, al- 
though it is common knowledge that the metabolic rate is, under such conditions, 
decreased chiefly in proportion to the fall in temperature. 

Cold itself may result in eliminating the anterior hypothalamus as a protective 
influence. In this case as in all others where the body temperature has reached 
very subnormal levels, the condition is known as hypothermia. 

Former studies of hypothermia. Medical history has been concerned with 
hypothermia in cases of exposure to snow and ice so intense as to overwhelm the 
regulation of body temperature. Such exposure has been frequently associated 
with acute alcoholism. Alcohol and other anesthetic substances have frequently 
had a like effect unassisted by unusual degrees of cold. The effects of such sub- 
stances were studied by Simpson and Herring (1905) and Britton (1922) who re- 
ported on the elimination of reflexes (chiefly motor) and the order of the recovery 
of many of these. Hypothermia has been carefully studied in humans in at- 
tempts to use it therapeutically, notably by Smith and Fay (1941) in cancer 


1 Preliminary report: Federation Proceedings, 2: 2, 1943. 
2 Aided by a grant from the Fluid Research Fund of the Yale University School of 
Medicine 
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patients, and Talbott (1941) and collaborators in schizophrenia. Dill and 
Forbes (1941) have reported on metabolism studies on the last mentioned series 
of patients. 

Hypothermia in therapy is accomplished with the assistance of anesthesia, for 
example by nembutal. It has however been considered of importance to study 
the effects of cold alone, applied with such intensity as to overwhelm all protective 
mechanisms. ‘This is accomplished with relative ease in small animals, as in the 
classical studies of Walther (1862) who rendered rabbits powerless to resist cold 
of 18 to 20°C. by chilling their bodies to that temperature. J. B. Hamilton 
produced hypothermia in ice box environments in rats, mice and kittens with 
progressive descending paralysis of the central nervous system. When carried 
to the lethal point, death was attributed to respiratory failure from chilling the 
medulla. Neither he nor others have been able to produce a state of artificial 
hibernation, recovery from hypothermia being always possible in environments 
of 70°F or below. The experiments of Walther and those of Hamilton have the 
virtue of bringing out the action of cold as a depressant per se, and are free from 
complicating effects of drugs on reflexes which must be kept in mind in connec- 
tion with the following mention of changes in water metabolism which have been 
reported in literature. 

Previous findings on water shifting. Edema of the lungs in the rabbits was 
described by Walther as a terminal effect associated with congestion of the lungs, 
and watery serous exudates in the tissues and air passages. Rabbits dying after 
rewarming showed a serous pleurisy. Talbott and others (1941), in a body of a 
patient who had died of hypothermia, described a similar congested condition 
of the lungs. Woodruff (1941) described edema of the heart in dogs dying of 
hypothermia (in which nembutal anesthesia was used). One of his dogs exhibited 
pulmonary edema. He believes that the use of digitalis was benefical in pre- 
venting mortality from hypothermia. 

Blood concentration changes in hypothermia produced by the aid of anes- 
thesia included increase in red blood cells, described occasionally by Smith and 
Fay in cancer patients. Similarly Woodruff describes increases in whole blood 
specific gravity in dogs near both the start and end of hypothermia. The initial 
increase in concentration was obviously the well known reflex response, while 
the terminal change was attributed to a shock-like condition. The reflex in- 
crease in blood concentration as measured by cell volume was seen in the first 
thirty-five hours. 

Dilution of the whole blood is represented by acute anemia, described in some 
of the cases of Smith and Fay, but never until after one or two previous periods 
of refrigeration. In Talbott’s case a slight blood dilution appeared near the end, 
that is, at the forty-fifth hour. 

Changes in the serum appear to have been reported only by Talbott, Con- 
solazio, and Pecora. The chlorides fell during the early hours of hypothermia, 
returning to the normal figure in the end. Serum protein gave a reverse picture 
being raised at first and lowered in the end, in these respects agreeing with the 
whole blood concentration. Tissue changes of interest were found by Talbott 
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and his collaborators. The percent of water was found below the averag 
normal autopsy subjects in muscle, liver, kidney, and brain, but increased 
heart muscle. The changes in sodium content suggested, however, a decrease 
in extracellular water inasmuch as sodium was below the normal average in al! 
the organs just mentioned. Potassium was found increased in all these organs. 

Object of this investigation. The above cited data are far from presenting a 
clear picture of the water metabolism in hypothermia, and our present intention 
has been to contribute toward filling this gap. Such investigations seem to be 
demanded by war conditions in the cold regions of the earth, and by a growing 
tendency to use cold as a therapeutic measure. The intention has been to de- 
termine the changes in water content of blood and various tissues, tracing, it 
possible, the movement of water in and out of the cells, and to gather information 
concerning the occurrence and mechanism of hypothermia. Possibilities of 
treatment of untoward conditions brought about by the above changes might 
thereby emerge. 


ProcepureEs. Our studies have beenconducted on monkeys (Macacca mulatta) and wt 
rats, and all chilling procedures carried out ina room kept within a few degrees of 0° The 
body temperature of monkeys was lowered by direct removal of heat by a half inch cop 


opper 
coil through which water at about 7°C. was circulated by an electric motor. The padded 
cradle upon which the monkey was confined was strapped to the lower surface of this « 
in such a way that the weight of the coil did not rest on the animal. As the coil extended 
only from the neck to the lower end of the trunk, it was possible to withdraw blood samples 
at any time from the femoral artery, and to follow the rectal temperature with an ordinary 
thermometer. Arterial samples were taken at the following body temperature levels 
initial, 35, 30, and 23°C. When the last mentioned point was reached the monkey, still con- 
fined to the cradle, was removed to a room having the constant temperature of 28°C, and 
during the resulting rewarming the samples were removed at the same body temperatures 
in reverse order. The experiment was usually terminated when the animal reached a body 
temperature of 30°C. All blood samples were taken and centrifuged under oil; serum pro- 
teins were calculated from specific gravity determined by the Falling Drop Method, chlo- 
rides were determined by the method of Van Slyke and Sendroy (1923). 

Rats were chilled similarly to monkeys by a one-eighth inch coil over which they were 
strapped ina prone position. Studies were also made on rats simply exposed to a cold room 
at 3-4°C., confined only by individual cages, in order to study the reflex effects of cold. Such 
exposures lasted one hour. Following the above procedures heart’s blood was removed 
while the rat was still in the cold room, and serum proteins and chlorides determined as 
above. 

For tissue studies many of these rats were killed by rapid strangulation after either of the 
above procedures, that is, in a condition of hypothermia, or with protective reflexes against 
cold. The rats were skinned and both water and chloride determinations made upon brain 
muscle, liver, skin, lungs, and samples of the remainder of the animal after mincing and 
thorough mixing. Water was determined by drying in an oven at 105°C., and chlorides by 
the wet ash method of Sunderman and Williams (1921). Metabolic changes in response to 
cold reflexes and hypothermia were determined in the cold room in some rats by the Haldane 
Train Method in which the carbon dioxide was fixed by shell caustic, and the water by con- 
centrated sulfuric acid. 

Many rats were chilled to body temperatures of 16°C. and then removed to the constant 


temperature warm room at 28°C. where the recovery of temperature and reflexes and gross 
edema changes were followed. 
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RESULTS. Monkeys. Chilling by the coil method produced a practically 
constant fall of the rectal temperature of the monkeys at the rate of about 5.5°C. 
per hour (fig. 2). During the first hour or two the usual reactions to a cold en- 
vironment were in evidence with shivering of the skeletal musculature, and paling 
of the body surfaces. When the body temperature had fallen below 30°C. the 
general muscular relaxation of the animal betrayed the depressing effects of cold 
upon the central nervous system. When a monkey at 23°C. body temperature 
was removed to the 28° room its temperature gradually returned toward normal, 
but at a somewhat slower rate than it had fallen, namely, 2.74°C. per hour (fig. 3). 
Many reflexes were found slow, including the pupillary reflex to light. Pain re- 
sponses to pin pricks were in general abolished. The grasping reflex was not 
found below 30°C. The pupillary reflex to light gradually regained its normal 


Fig. 1. Serum specific gravity and chloride changes and temperature curve of untreated 
monkey. === Rectal temperature, ---- Chlorides, —— Specific gravity. Monkey 16. 

Fig. 2. Serum and temperature changes in monkey during chilling. Rectal tem- 
perature, ---- Chlorides, —— Specific gravity. Monkey 11. 


speed. If any edema is present in monkeys at these low body temperatures, we 
were unable to establish it definitely, although some apparent swelling was noted 
about the shoulders and forearms in one case. 

Serum proteins and chlorides. A well trained monkey confined to a padded 
cradle for the length of time usually occupied by our chilling and rewarming 
experiments, can tolerate the extraction of many blood samples from the femoral 
artery without significant change in proteins and chlorides. A control experi- 
ment of this sort is illustrated in figure 1, showing the taking of blood samples at 
intervals corresponding to those in our chilling and rewarming experiments.® 

While a monkey was being chilled to a body temperature of 23°C. the serum 
protein and chlorides followed a fairly constant pattern which is typified by 
figure 2. There was constantly an increase in serum protein, reaching a peak 
usually at or before the temperature had fallen to 30°C. This represents the well 

3 Average from blood samples taken at like intervals from 12 monkeys were in percentage 
changes from original sample: for chlorides, 1.5, 1.4,0.03,1.8, —1.7, 2.1; for specific gravity, 


—0.7, —1.3, —1.7. —3.3, —3.5 1.8. 
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known anhydremic reflex response to cold. Serum chlorides also increased dur- 
ing this initial period, in conformity with the well established osmotic increase 
(Barbour and Gilman, 1934). The chloride peak, however, was usually preceded 
by a depression. This preliminary fall in chlorides, while unexplained at pre- 
sent, resembles very much certain unpublished findings in dogs.These animals 
when given continuous injections of minute quantities of epinephrine, showed a 
rise in serum proteins, as in the cooling process, which is accompanied at first 
by a fall in serum chlorides. It is therefore possible that the preliminary de- 
pression on cooled monkeys is an epinephrine effect. The blood sample taken at 
a body temperature of 23°C. constantly showed a reversal in the serum changes. 


Moximum Fluid Shifts 


Fig. 3 Fig. 

Fig. 3. Serum and temperature changes in monkey during chilling and rewarming. = 
tectal temperature, ---- Chlorides, —— Specific gravity. Monkey 4. 

Fig. 4. Serum changes in monkeys interpreted as fluid shifts. Percentages are in terms 
of the level at the beginning of an experiment. Unbroken end of columns indicates total 
fluid change (measured by sp. gr.), dotted portion of columns, changes in cell water (meas- 
ured by Cl’). First group shows maximum reflex effect of cold. Second group (chilling 
shows amount of reversal shift from previous maximum. Third group (rewarming) shows 
amount of continued loss calculated from 23°C. level to point of maximal serum hydratior 


Protein and chlorides approached, or attained, the original levels. On rewarm- 
ing from 23°C. body temperature the serum proteins did not reverse again but 
continued the downward course, often with such a tremendous decrease as shown 
in figure 3. This dilution tendency is, of course, typical of the respense to warm- 
ing animals up from normal temperature before any dehydrating factor such as 
sweating appears. The chlorides did not show the extensive decreases during 
the rewarming process, but tended to remain nearer the initial levels than did 
the proteins. The final chloride shown at about 35°C. is typical of the usual 
course. 

Interpretation of serum changes in terms of fluid shifts. The extent of the serum 
changes in each of our first twelve monkey experiments is illustrated in figure 4, 
the changes being referred to as fluid shifts. The percentile changes in proteins 
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are represented by the maximal length of most of the columns, and the chlorides 
by the length of the dotted portion of the columns. The group entitled cold 
reflexes was compiled from the peak changes in each experiment during the chill- 
ing process, these being taken to represent the maximal protective effects against 
cold. The group marked chilled was compiled from the individual differences 
between peak effects and status at 23°. The group of changes entitled rewarm- 
ing represents the maximum percentile decrease in protein or chloride from the 
level at 23°C. 

The movements of fluid in the body throughout the whole procedure of chilling 
and rewarming are possibly best interpreted from the average fluid shifts (fig. 5). 


Muscle Liver Brain Minced 
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Fig. 5 Fig. 6 

Fig. 5. Average in fluid shifts in monkeys shown in figure 4. 

Fig. 6. Total and intracellular water of tissues of chilled rats. Height of columns, total 
water, black portion, intracellular water. N = normal, C = cold, with reflexes intact, C, 
= deep hypothermia with loss of reflexes. Figures show number of cases averaged for each 
column. 


The serum protein is of course an indication of the total fluid content of the 
serum, whereas the chlorides may be regarded as indicating the movement of 
water in and out of cells, thus showing the well known protective responses to 
cold. The chloride portion of the first column in figure 5 represents a 4.1 per 
cent movement of water into body cells. This on the basis of osmotic pressure 
studies made by Barbour and Gilman (1934), we have always assumed to be due 
to increase in osmotic pressure resulting from the increased metabolic rate of the 
cells as in shivering, etc., which must produce a temporary accumulation of meta- 
bolites. The total height of the columns represents 5.1 per cent loss of fluid from 
the blood (as judged by protein and specific gravity) leaving a 1.0 per cent loss 
to be accounted for otherwise than by metabolism. The extra loss of water we 
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interpret as the net pressure effect associated with vascular responses to cold 
fluid is of course lost to the tissue spaces as the net result of increases in hydro 
static pressure in the capillaries. 

The entire water shifting picture becomes reversed by chilling to 23°C. which 
evidently produces such a depression of the central nervous system that the wate 
shifting reflexes, above referred to, are no longer possible. This reflex reversal 
therefore, is ascribed to functional exclusion of the anterior hypothalamus by 
cold. The second column in figure 5 shows that the total water gained by the 
blood during this reversal is 4.1 per cent of the original serum water of which 3.6 
per cent may be considered as coming back from the cells, the remaining 0.5 
per cent being gained from the tissue spaces by a reversal of the hydrostatic 
pressure conditions. In other words, depression of the anterior hypothalamus 
by cold has reversed the metabolic and vascular changes which accounted for 
the fluid shifts. The third column represents the average results of rewarming 
from 23°C. The total gain of fluid by the blood averages 8 per cent. The 
greater part, 5.3 per cent, apparently comes directly from the tissue spaces be- 
because only 2.7 per cent, as judging by the chlorides, appears to be released by 
the cells; or the hydration may be chiefly relative due to the escape of protein. 

It is difficult to explain the original source of such a large fluid gain by the 
blood. We must assume in the absence of nervous function that increasing 
temperature acts directly upon the arterioles and capillaries in such a way as to 
lessen intracapillary pressure throughout the greater part of the organism. (ne 
may well believe that the same processes are responsible for the dilution of the 
blood which occurs upon ordinary exposure to mild degrees of heat before such 
dehydrating processes as sweating set in. As a matter of fact, under the latter 
conditions it has been found that decrease in specific gravity of the blood is 
usually greater than decrease in osmotic pressure (Barbour, 1940); thus we see 
in the rewarming period of the experiment a picture of the direct action of in- 
creasing warmth in the absence (until higher temperatures are reached) of any 
reflex mechanism. 

Rats. General effects of cold. In the early stages of exposure to cold our rats, 
like other mammals, exhibited shivering although the time of its occurrence as 
well as its anatomic distribution was subjected to considerable variation. As 
the body temperature descended to 20°C. and below, the general depression of 
the animal as in monkeys, was evidenced by complete muscular relaxation. At 
16°C. the rats were completely prostrated in a condition resembling deep anes- 
thesia. At this point considerable edema of the face, eyelids, and jaw as de- 
scribed by Hamilton, was a constant finding. 

Rewarming in the 28°C. room usually served to exaggerate this edema so that 
by the time the animal attained a temperature of 30°C., the head often appeared 
cone shaped. The recovery of reflexes was in a sequence similar to that described 
by others. 

Total metabolism. The effects of cold on the metabolic rate of rats were found 
very much as expected. All of the experiments were made in the cold room at 
3 to 4°C. and when the rats had been cooled only to a body temperature of 26° 
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to 30°C., a marked increase in metabolic rate was observed, whereas when chilled 
to the state of complete depression with body temperature 18-20°C., the metab- 
olism was found greatly reduced as in the patients described by Dill and Forbes. 
Many of the effects were largely influenced by the amount of visible muscular 
tension or movement. Seven rats at the upper temperature range mentioned 
produced on an average 7.78 calories/kilo/hour as contrasted with an average 
from 26 normal rats (done at room temperature 28°C.) of 5.74 calories/kilo/hour. 
Six rats chilled below the point of cold reflexes showed a heat production of only 
3.65 calories/kilo/hour. Thus in the initial period of cooling our rats exhibited 
an increase of 37 per cent, but in hypothermia a loss of 36 per cent. 

Blood changes. On chilled and rewarmed rats the changes in blood proteins 
and chlorides evidently follow the same pattern as those in monkeys; in support 
of this, the following findings may be cited. 

Proteins were calculated from the specific gravity findings, the average normal 
for + rats being 7.4 per cent. Four rats of the same age as the normals, when 
exposed to the cold room at 3 to 4°C. for one hour, showed an average protein 
content of 7.6 per cent. The average effect on 4 rats chilled on a coil to a body 
temperature of 16° was to reduce the protein to 6.8 per cent, while in 11 rats re- 
warmed from 16°C. to 30°C. the marked hydremic effect seen in monkeys was 
reflected in an average protein content 6.7 per cent. The percentage change 
from normal of dehydration and hydration effects was as follows, blood dehydra- 
tion on initial exposure to cold 1.4 per cent; hydration in profound hydremia, 
5.9 per cent; hydration of serum above normal on rewarming, 7.3 per cent. 

The average serum chloride for the 4 normal rats mentioned above was 102.8 
m.eq./liter, whereas in the 4 rats exposed to the cold room, the average chlorides 
rose to 104.7 m.eq./liter. Eight rats chilled to an average 18.2° showed a chloride 
figure 102.1 m.eq./liter illustrating a reversal of the reflex rise similar to that 
found in chilled monkeys. On rewarming rats from 16° to 30°C. no further 
change in chlorides was consistently demonstrated. An average of the above 
mentioned 11 rats vielded 101.0 m.eq./liter which may indicate a slight decrease 
as found in monkeys. 

Changes in water and chlorides in rat tissues. The tissues from which our data 
are here reported were all taken from rats varying from 67 to 161 days of age. 
The chlorides, percentage total water, and its intracellular portion in terms of 
fresh tissue are summarized in table 1. In this table the number of cases con- 
cerned in each procedure with a given tissue follows the data for each tissue; 
exceptions to this are given in parentheses. 

The intracellular water is calculated from the chloride content of each tissue 
and of the serum of the animal concerned. In the muscle the average will be 
seen to have increased from 60.66 per cent to 63.74 per cent on exposure to cold 
without loss of reflexes. On chilling with the coil to the completely depressed 
state the intracellular water returned to 61.08 per cent. For the liver the re- 
spective figures are 42.78, 49.08 and 47.24 per cent. The same tendencies were 
shown in the brain but to a lesser degree, the percentages being 48.51, 51.17 and 
50.82. The same general trend is strikingly brought out in the minced remainder 
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of the rat in which the initial period of cooling raised the intracellular water per- 
centage, 49.77 to 60.73, while the extreme chilling reduced it to 47.66 per cen 
The changes in the above tissues are illustrated in figure 6 

The total water of the various tissues follows the same trends as the intracellular 
water except in the case of the liver for which no explanation can be offered at 
present. The total water of the lung in deep hypothermia was found to be 81.88 


TABLE 1 


Tissue chlorides and water percentages 


ACUTE COLD ACUTE ILD 


“REFLEXES BOOM LD ROOM 
Average rat temperature Average rat temperature 
22.4°C. 18.9°C. 22.4 
Muscle Total water 
Chloride ..| 11.82 9.70 8.76 (per cent 78.22 79.28 78.49 
Intracellular 6 
water (per No. of cases 7 5 
cent) 60.66 63.74 61.08 
Total water Minced remainder 
(per cent) 71.90 73.08 71.80 Chloride 21.36 13.73 18.3 
No. of cases 6 4 7 Intracellular 
water per 
Liver cent 19.77 60.75 17 66 
Chloride 30.65 23.31 22.18 } 
Intracellular Total water 
water (per per cent 68.57 74.22 64.41 
cent) 42.78 49.08 47.24 No. of cases } 3 5 
(4) 
Total water 
(per cent). 71.90 | 71.60 72.01 | Lung 
No. of cases 7 5 6 Chloride 52.31 52.50) 
Total water 
Brain (per cent 77.89 
Chloride 31.31 29.01 30.38 No. of cases 5 3 
(5 
Intracellular 
water (per 
cent) 48.51 51.17 50.82 
3) 


per cent as contrasted with a normal of 77.89 per cent. This organ was found 
very congested and edematous as described by others for deep hypothe®ia. 
The above evidence from determinations of chlorides and water in rat tissue 
confirms the deduction made from the studies of chloride concentration of the 
blood. That is to say that, asa part of the reflex response to cold in the initial 
period of chilling, the cells take up very appreciable amounts of water. When 
the nervous system, however, becomes depressed by the cold, this process is seen 
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to be reversed. The intracellular water changes in muscle, liver, and minced 
remainder afford particularly good evidence for this. 

Discussion. The primary and secondary effects of gradual chilling upon 
water movements in the body now appear clearly established, and it is interesting 
to see how well the fragmentary observations in the literature fit into the scheme 
we have outlined. There can be no set rule as to just when the reflex anhydremia 
will disappear, but its occurrence is evidenced in the red cell increase reported in 
the patients of Smith and Fay, and the serum protein increase in Talbott’s pa- 
tient where the concentration rose from 6.5 to 7.2 per cent in the first 7 hours, 
and was maintained at about this level until the 35th hour. It is seen also in 
the whole blood increase in Woodruff’s dogs. 

The secondary shift, after abolition of the defenses against cold, is illustrated 
by the acute anemia of Smith and Fay’s patients late in the course of refrigeration 
where appreciable decreases in hemoglobin and red blood cell counts were re- 
ported. Such an anemia was not reported in Woodruff’s dogs although it might 
have been expected from the nembutal which was given. In Talbott’s patient 
it seems to have been shown in the fall from 7.1 per cent serum protein in the 35th 
hour to 6.2 per cent in the 45th. 

An analogy to our results appears in the various tissue determinations in 
Talbott’s patient as described above where the total water of many of the in- 
dividual tissues was found lower than in the normal subjects. These tissues in 
hypothermia showed less than the normal sodium content; this may indicate that 
the water taken by the cells in reflex response to the cold had probably not yet 
been released. 

The high degree of hydremia noted on rewarming both monkeys and rats after 
hypothermia has not been definitely explained but undoubtedly bears a relation 
to the edema constantly found in rats. As it is difficult to account for so large 
an accumulation of water in the serum in proportion to the original amount, it 
might be concluded that the serum probably becomes relatively diluted through 
loss of protein which in its turn would support the edema. This point remains 
to be determined. The matter is of considerable importance in view of the pos- 
sible employment of hypothermia in the treatment of shock which might be of 
definite value if the dilution represents an absolute hydration of the blood; 
contrariwise, if it represents an escape of protein. 

The possible control of edema by the use of certain drugs will be discussed in 
another paper. 

Summary. Monkeys chilled to 23°C. at a rate of body temperature fall of 
5.5°C. per hour showed the following changes: 1, in the initial period with re- 
tentiongf protective reflexes, average maximum increase in serum protein of 5.1 
per cent and chloride 4.1 per cent; 2, at end of chilling period (with neuro-mus- 
cular depression) an average reversal from the peak was found in serum proteins 
mounting to 4.1 per cent, and in chlorides of 3.6 per cent, of the normal level: 
3, on rewarming at a rate of 2.74°C. per hour, these reversals in the serum fluid 
were continued amounting to a maximal decrease in serum protein of 8 per cent 
and chloride of 2.7 per cent of the respective original levels. 


WATER SHIFTS IN DEEP HYPOTHERMIA 19 


Rats exposed to a room temperature of 3 or 4°C. for about one hour, whether 


kept in individual cages or confined in proximity to ice, exhibited: 1, the usual 
reflex responses to cold, especially shivering and muscular rigidity; 2, an increase 


in metabolic rate of approximately 40 per cent; 3, increased serum proteins and 
chlorides; 4, in certain tissues, liver, muscle, brain and minced remainder of 
skinned rat, increases in intracellular water. 

Rats chilled to 16°C. within about one hour showed the following changes: 
1, complete neuro-muscular depression with partial edema of the face, jaw, and 
eyelids; 2, a metabolic rate approximately 40 per cent below normal; 3, serum 
protein and chloride levels showing reversal from the concentration consistentls 
seen in the initial stage, as in monkeys; 4, tissue changes in intracellular water 
also indicating reversal of the initial reflex effect which was shown by muscle, 
liver, brain, and minced remainder of skinned rat. 


CONCLUSIONS 

Exposure to cold with retention of protective reflexes leads to a gain of intra- 
cellular water throughout the body. When, however, the central nervous sys- 
tem becomes so chilled as to cause general neuro-muscular depression, the effect 
on the hypothalamus is to abolish the reflex responses to cold, which process in- 
cludes a reversal of the water shift with increased extracellular fluid. Subcu- 
taneous edema tends to occur and is augmented on rewarming the animal, which 
procedure increases greatly the hydration of blood, at least relatively. 


We are indebted to Mr. Lawrence Brigham for the determination of total 
metabolism in rats. 
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In a paper published in 1921, the author (1) demonstrated that frogs, when 
kept in water and injected with extracts of the posterior lobe of the pituitary 
body, show a temporary increase in body weight. This gain in weight varied 
between 6 to 28 per cent of their original body weight and lasted for some hours. 
It was found that during this period frogs did not excrete less urine than they had 
before the injection of the extract. It was further found that nephrectomized 
frogs when injected with pituitary extracts gain 6-8 grams in a few hours. 
Nephrectomized frogs of the same size, but not injected, gain 2 to 3 grams daily 
in the first days after the operation. Therefore, it was concluded that the gain 
in weight of frogs following the administraticn of post-pituitary extracts was due 
to extrarenal factors. 

These results were confirmed by Biasotti (2), Jungmann and Bernhardt (3), 
Heller (4), Steggerda (5), Novelli (6), Steggerda and Friedman (7), Steggerda 
and Essex (8), Rey (9), Boyd and Brown (10), Boyd and Gibson (11), ete., and 
numerous important contributions were made by these authors which threw 
light on the reaction involved. The response elicited by the previous com- 
munication aroused the author’s further interest in the problem of the water 
balance of frogs. As a result it was decided to study the influence of drugs which 
are known to have an antidiuretic, pituitrin-like effect on mammals or man. 
Such drugs are anesthetics and narcotics as demonstrated for mammals by 
Molitor and Pick (12), Bonsmann (13), and for man by the author (14). 

The author’s (unpublished) observation that frogs, injected with commercial 
extracts of the posterior lobe of the pituitary body become very drowsy, and, 
with the use of larger doses of the substance become almost narcotized, served 
as a further stimulus. Only one reference to a similar observation was found in 
the literature. Boyd and White (15) state that frogs after repeated injections 
of Pitruitrin (P. D. & Co.) became “‘less active’’ and explained the condition as 
“water intoxication’. In the author’s experiments the drowsiness of the frogs 
preceded any appreciable gain in weight. Two possibilities had to be consid- 
ered: the phenomenon could result from an anesthetizing effect of the extract 
proper or be due to its content of chloretone which is added to most extracts as 
a preservative. 

Mernuop. The same technique was used as in 1921. Frogs, Rana pipiens, 
weighing 30 to 50 grams were placed individually in 2 quart glass containers with 
200 ce. of tap water. Each container was covered with a metal lid perforated 
with about a dozen holes. The weight of each frog was noted after careful drying 
and catheterization in one hour or one-half hour intervals. The anesthetics 
20 
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used were: alcohol, ether, chloroform and chloretone. Ten cubic centimeters 

95 per cent alcohol solution, or 2 cc. of ether, or 0.5 ec. of chloroform were adds 
to the 200 cc. of tap water in which the frogs were immersed. The water was 
usually changed after one hour. A 0.5 per cent solution of chlorbutanol was 
used. One-tenth to 0.2 ec. per 10 grams of frog was injected into the lym 
spaces. The frogs were weighed to the nearest 0.1 gram, the injections mad: 
with a tuberculine syringe. The catheter used was constructed according 
Morishima (16). 

Protocols. Morphine in doses up to one centigram per 10 grams of frog 
peared to have no effect on the water balance of the animals. The experiments 
were discontinued. 

A. The effect of the aforementioned anesthetics on the body weight of ‘rogs 
is a uniform one. During the hour in which the frogs were immersed in the 
anesthetic there was a slight gain in weight; in the following hour when the frogs 
were again placed in tap water the gain in weight was even greater. The peak 
of the body weight usually was reached in 2 to 3 hours. The magnitude of the 
gain in weight depends not only upon the concentration of the anesthetic, but 
also upon the length of time the animals were kept in the solution. The average 
gain in weight of frogs immersed in ether or chloroform was about 4 per cent ot 
their original weight varying between 3 to5 percent. The average gain in weight 
of frogs kept in a 5 per cent alcohol solution was 6 per cent, varying between 
2 to 15 per cent. The frogs injected with 0.1 ec. of a 0.5 per cent solution ot 
chloretone per 10 grams frog gained an average of 1.5 per cent varying bet ween 
1 to 2 per cent. These figures are derived from 9 experiments each with ether, 
chloroform and chloretone and from 57 experiments with alcohol. 

B. Twelve experiments were made on pithed frogs. When the operation 
wounds were closed up and the animals weighed, 6 of the pithed frogs immedi- 
ately were immersed in a 5 per cent alcohol solution for one hour, while the othe: 
6 pithed frogs were immersed in tap water thus serving as controls. The pithed 
frogs in alcohol gained 6.4 per cent of their original body weight in 2 hours while 
the controls gained an average of 4.6 per cent in the same period. 

C. Nine frogs were nephrectomized. The day following the operation the 
animals were immersed in a 5 per cent alcohol solution for one hour. The average 
gain in weight of the 9 frogs was 1.8 grams in 2 hours as a result of anesthesia 

D. The following series of experiments was undertaken to obtain information 
as to the elimination of the water accumulated in the body of the frog following 
anesthesia. In animals surviving the anesthesia one notes that the body weight 
returns to normal in a few hours. Therefore, one can distinguish a first phase 
in the reaction to anesthesia in which the animals gain weight, and a second phase 
in which the body weight returns to the original level. In order to ascertain the 
beginning of the second phase, that is, the time the peak of body weight is reached, 
more frequent weighings were made until the point at which the frogs began to 
lose weight became evident. Then the experiment was continued in the 
following way. When, e.g., 6 frogs had been simultaneously immersed in alcoho! 
and the second phase was reached the cloaca was closed in 3 of these frogs with 
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tobacco pouch sutures. It could be observed that these operated frogs again 
began to gain weight while the controls lost weight eliminating large quantities 
of urine similar to water. When the sutures of the operated frogs were opened 
and the frogs catheterized the amount of urine found showed that all the aceumu- 
lated water in the body had been eliminated through the cloaca. 

EK. To see the response of the kidneys in normal and anesthetized frogs tap 
water in the amount of 10 per cent of the body weight was injected into their 
lymph spaces. Normal frogs began to lose weight immediately after the injec- 
tion. They again reached their original body weight in about 2 hours. Under 
the same conditions frogs subjected to alcohol anesthesia and injected with 
additional water show a slight gain at first. Loss of water begins after 1 to 2 
hours; the original body weight is reached in about 3 hours. 

F. It then appeared obvious that a study of the effect of a combination of 
pituitary extract and alcohol anesthesia on the water balance of frogs was indi- 
cated. Frogs were immersed in a 5 per cent alcohol solution for one hour. Upon 
their recovery from the anesthesia one unit of Pitocin (P. D. & Co.) per 10 
grams of body weight was injected. Anesthesized frogs to which Pitocin was 
administered gain much more weight than normal frogs did after the same dose 
of Pitocin. The combination of aleohol and Pitocin produces gains in body 
weight that are equivalent to the sum of the gains produced by each drug 
administered individually. 

In these experiments pituitary extracts were injected simultaneously with the 
recovery of the frogs from their anesthesia in order to meet the objection that 
pituitary extracts simply retain alcohol like water in the body thus explaining 
the greater effect of the 2 drugs administered simultaneously. It was noted that 
frogs just recovering from alcohol anesthesia, when injected with Pitressin (P. 
D. & Co.), or Pitocin (P. D. & Co.) became anesthetized again, and remained 
narcotized for at least one hour longer. 


In most of the commercial extracts chloretone is added as a preservative in a 0.5 per cent 
solution. There is, therefore, 0.005 gram in 1 ec. of the solution. The dose of chloretone 
which produces anesthesia in mammals is about 0.15 gram per kgm. body weight. If one 
considers that 0.005 gram of chloretone is injected with 1 cc. of Pituitrin into a frog weighing 
30 grams one must realize that that represents 0.15 gram chloretone per kgm. body weight. 
When using one or two units of these extracts per 10 grams of frog one approaches the dosage 
of chloretone that is expected to exert an anesthetic effect on frogs. 


As a matter of fact using a 0.5 per cent solution of chloretone and injecting 
0.1 to 0.3 ec. per 10 grams of frog one notes that the animals behave exactly 
in the same way as after a corresponding dose of pituitary extract that contains 
chloretone as a preservative. If alcohol anesthesia is combined with the ad- 
ministration of chloretone the anesthesia is definitely prolonged and results in a 
greater gain in weight. 

According to information forwarded by Burroughs, Wellcome & Co. their 
“Infundin”’ does not contain chloretone or any other preservative. Frogs in- 
jected with Infundin remain as lively as they were before the injection. 

Discussion. 1. Is the influence which alcohol, ether, chloroform and chlore- 
tone exert upon the water balance of frogs a true biologic reaction, or are the 
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phenomena due to dissolution of the lipoids in the skin of the frog? The answe: 
is there could not be a rapid reversibility of the reaction if the action of the anes- 
thetics depended on dissolution of lipoids. 

2. Can we explain the gain in weight of anesthetized frogs as an effect upon 
their central nervous system? Pithed frogs when immersed in alcohol gain 
slightly more weight than the controls do. This finding makes one believe that 
the central nervous system can not be the only factor involved. Furthermore it 
was observed that frogs continue gaining weight for one hour longer after they 
have awakened from the anesthesia (17). It is conceivable that the muscles of 
the lymph vessels present in the skin of frogs (18) are influenced by anesthetics 
A dilatation of these lymph vessels would permit a greater amount of water to 
enter the body. 

3. Is the gain in weight due to an increased intake of water, or to a diminshed 
output, or to a combination of both? An increased intake as a result of the 
anesthetic has been established by experiments on nephrectomized frogs: Ii 
nephrectomized frogs are immersed in alcohol one notes a superimposed steep 
ascent of the weight curve. 

Frogs of 30 to 50 grams are believed to excrete 3 to 4 cc. of urine in 24 hours 
A further reduction of the urine formation can not play an important part in the 
gain in weight in the first phase of the reaction. Regarding the abundant urine 
formation in the second phase of the reaction one is under the impression that the 
response of the kidneys to increased intake might be termed delayed. There are 
no means of knowing how quickly a response from the kidneys could be expected 
after an increased intake of fluid via the skin. It is noted, however, that addi- 
tional water injected into the lymph spaces leaves the body much more prompt} 
in normal frogs than in frogs that have been subjected to anesthesia. 

It may be worthwhile at this point to review the main difference of the action 
of post-pituitary extracts on the water balance of mammals and amphibians. In 
mammals the antidiuretic effect of pituitary extracts becomes manifest only afte: 
the administration of additional water. Without the forced administration of 
water in mammals or without voluntary previous intake of additional water in 
man, the pituitary extracts have hardly any antidiuretic effect (19). Under 
normal conditions frogs do not drink water. Normally water passes through 
their skin into the body, a process which is apparently entirely involuntary. The 
increased intake of water is an experimental premise if we want to demonstrate 
the influence of pituitary extracts in man or mammals but it is part of the reaction 
to these extracts in amphibians. At any rate, enormous doses in comparison 
with the body weight of frogs are required to produce the gain in weight, a fact 
which deserves further investigation. 


SUMMARY 


1. Anesthesia in frogs influences the body weight in a similar way as do ex- 
tracts of the posterior lobe of the pituitary body. 

2. Alcohol anesthesia in combination with pituitary extracts results in an 
increase in the frogs’ body weight which is equal to the sum of the constituents. 

3. In alcohol anesthesia the first phase of the reaction is due to increased intake 
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of water and probably a delayed response of the kidneys. The second phase is a 
100 per cent renal accomplishment. 

4. The content of chloretone present in some of the commercial extracts is high 
enough to influence the weight curve and is even responsible for the anesthetizing 
effect of the extract. 

I wish to express my gratitude to Dr. Albert A. Epstein for rendering these 
studies possible, his guidance and advice, and to Dr. V. de Beck for valuable as- 
sistance in writing this paper. 
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While many species of mammals might regularly drink sea water, 
appears to be no proof that they do. It seems important to know 
any voluntarily ingest it when no fresh water is available: if so whether the 
are able to excrete the salts taken in it; and whether they survive, while drinking 


it, longer than when without any source of water. Questions of particular 


import are: does the urine acquire a concentration sufficiently greater than the 
intake so that some net water of intake remains available to the body? and, is 
maintenance of water content by drinking sea water possible after preliminary 
reduction of that content? 

Procedures. Albino rats were chosen for the experiments because they are 
known to form highly concentrated urine. Males were kept in individual wire 
cages which allowed urine to collect into measuring cylinders. Dry food, 
furnished ad libitum in a deep beaker, was, in some tests, whole dried milk 
slightly mineralized with iron, copper, and manganese (Kemmerer et al., 1932). 
This food is about 27 per cent protein, and hence required considerable water 
for its metabolism. In other tests dog chow was supplied. Drinking water was 
furnished in an inverted burette, or cylinder, so arranges that none of the water 
could drain into the urinary collector without passing through the rat. The 
chief quantities measured were: body weight, water intake, food intake, urinary 
output, urinary specific gravity, urinary chloride concentration, and sur- 
vival time. 

WATER AND SALT METABOLISM. Turnovers. Rats allowed dried milk and tap 
water ad libntum consumed 4.01 per cent of the body weight (B,) of food daily (77 
days on 7 individuals). This food had only 2 per cent of water in it (0.1 per cent 
of B, per day), but by oxidation formed 2.5 per cent of B, per day. Of water 
14.6 per cent of B, was drunk per day. Altogether 0.84 gram of water was avail- 
able per potential Calorie of food consumed. One milliequivalent of chloride was 
ingested and excreted daily per 100 grams of rat. About 0.5 per cent of net 
weight was gained each day by the 200 gram male rat. Upon the milk diet the 
loss of water in urine was unusually great (10 per cent of B, per day) and the 
evaporative losses amounted to about 8 per cent of B, per day. These data are 
the basis of later comparisons. 

Ingestion of sea water. When given sea water in place of tap water, body 
weight was lost. An important feature is that certain individuals lost weight 
more slowly than others. Some of those individuals also ate more and drank 
more than the others. The ones that drank least lost weight at the same rates as 
rats that had no water available; none lost significantly faster. In other words, 
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rats that kept the body weight high did so by ingesting more, not by losing less 
from the body. 

The chief factors in loss of body weight are, therefore, the failure to take food 
in usual amounts and the failure to take water in sufficient amounts to replace 
the materials lost. The question at issue is, would the animals maintain them- 
selves if their urges (appetites) were such as to lead them to take more of each? 
The answer is no; it seems to be given in part by the character of the urines ex- 
creted. Those that drank more sea water, formed urines of somewhat higher 
concentration of total solids and of chloride. The differences among individuals 
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Fig. 1. Increments of body weight (in per cent of initial weight) and relative exchanges 
(each in per cent of its control rate) in rats maintained for 6 days with various concentra- 
tions of sea water to drink, SW, or with fresh water to drink, W, or no drink, O, and then 
allowed to recover with fresh water to drink in the after-period. Three to seven tests are 
averaged for each point. Dry milk was always available ad libitum. Body weight, urinary 
output, fluid intake, and food intake are separately indicated. 


were in part, it seems, such as allow sea water to be metabolized by some rats and 
not by others. Four individuals at times formed urines containing 0.60 M chlo- 
ride, while three others never attained concentrations above 0.52 M in the same 
sorts of “concentration tests.’”” The sea water, which was collected at Woods 
Hole, Mass., contained 0.52 M chloride. Under some conditions, therefore, 
certain rats were able to utilize for purposes other than excretion about one-fifth 
of all the sea water drunk. 

This one-fifth was not, however, enough to maintain body weight, the data 
show. Part of the deficit of body water represented the fact that much less fluid 
was regularly drunk than when tap water was available (fig. 1). This may imply 
that water can be utilized only slowly under these difficult circumstances. It 
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also draws attention to the fact that in the rat, most water is being lost not 
urine but in evaporation. The latter rate of loss appears to be little diminish 
during dehydration; it continues regardless of the body’s water content. fb 
dently, the rat’s unique ability to spare some water by producing high! 


trated urine is overpowered by its natural inability to spare water from « 

tion. When the rate of evaporation is added to the rate of excretion, t 
(with its rapid evaporation per unit weight) is little if any better off than 
who produces urine less concentrated than the rat does (maximal 0.37 M ¢ 
men). The fact remains, however, that upon days when the rats drank most - 
water they lost least weight. 

When sea water was furnished which was diluted to ? strength, the same 
tion of results was obtained; some individuals lost weight more slowly th 
others, but again none maintained their original weights. After some days 
ever, a depleted body weight could in one of five individuals be kept stationa 


Upon 3 strength, the original weight was maintained (ng. 1); the same was t 


upon } strength. On those regimes the rats grew at usual rates. Over periods 
of two weeks, therefore, no deleterious effects were evident from drinking diluted 
sea water, and, providing it was dilute enough, full food intake and body weight 
prevailed. 

Ingestion of sodium chloride solutions. When solutions of sodium chloride were 
substituted for sea water, the same results were obtained. The same individuals 
studied above were given solutions 0.75 M, 0.50 M, 0.37 M, 0.25 M and 0.12 M 
to drink. The first two concentrations were in general drunk sparingly, while 
the last three were taken in amounts greater than distilled water (fig. 2). Thus, 
the amounts of 0.25 M solution that were drunk were sufficient to furnish the 
usual available water and in addition to carry away in urine the extra salts 
ingested. 

Evidently the factors which guide the ingestion are in tune with the limited 
concentrations in excretion, as was evident in the experiments of Gamble ¢¢ a/ 
(1929, 1934) in which the salts were mixed in the food. In those experiments 
the amounts of water voluntarily ingested by rats were such as to render the total 
particulate concentrations of diverse electrolytes in urine equivalent to one an- 
other, about 1.0 osmolar (for univalent salts, 0.50 M). 

Ingestion of ammonium lactate solutions. For contrast with solutions of salts 
that are excreted unchanged, a salt that is metabolized was chosen. Ammonium 
is converted to urea, and lactate is oxidized to carbon dioxide. A 0.36 M solution 
of ammonium lactate was provided in the drinking burettes, in place of tap water, 
for periods of 12 days. The consumption was uniform upon successive days and 
amounted to 61 per cent of the previous rate of ingestion of fresh water. Appar- 
ently the 3 rats tested maintained themselves upon this solution, drinking suffi- 
ciently for their metabolisms, in spite of the sour taste. 

Water privation. Control tests for all the above experiments were furnished 
when no water was allowed to the rats. Food was then consumed in diminishing 
amounts until, after 4 days, less than ten per cent of the usual amounts were 
eaten (fig. 1). Weight was lost; urine was scanty and highly concentrated. 
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Evidently the aversion to food helped to preserve the proportions in the body 
between water and solutes, whereas ingestion of more food would have acted to 
make the shortage of water more acute. It is well known that the rat refuses 
food whenever some essential constituent of its intake is lacking; this is the way 
in which curves of body weight as regularly employed in dietary studies are able 
to manifest the inadequacy of a diet. Water is one such constituent. 
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Fig. 3 

Fig.2. Increments of various exchanges efc., in rats maintained for 4 days on drink con- 
taining diverse concentrations of sodium chloride. Exchanges were measured in daily 
periods and averaged, each point representing one individual. Dry milk was always 
available ad libitum. * 

Fig. 3. Increments of body weight, and exchanges in per cent of body weight per day, 
in rats first deprived of drink, O, for one day (5 tests each) or for two days (3 tests each) and 
then presented with various concentrations of sodium chloride (M/1, M/2, M/4) or fresh 
water, W, to drink ad libitum. Dry food was always available ad libitum. 


When food as well as water was denied the rat, loss of weight proceeded at the 

same rates as when food was allowed. What small food intakes occurred in 
* absence of water were evidently such as to add nothing to the net content of the 
body so long as water was not available. 

When water was allowed but food was denied, the same picture of weight loss 
ensued. This loss occurred in accordance with the fact that water intakes were 
after the first two days only one-fourth to one-twentieth of the usual ones. 

So far as data are now available, privation of some one constituent of the diet 
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leads to as much loss of weight as does the privation of everything. Wha 
the experimenter does not deny the animal, the animal itself denies its body 
And even the moderate amounts taken by the animal are scarcely or not at all 
retained. 

Survival. Fifteen male rats (mean initial weight 179 grams), kept in air t 
peratures of 22° to 28°C, survived without water for 6 to 15 days. Two ot 


ahi 


additional rats given water upon the sixth day, failed to recover ultimately, 
though able to drink and eat for one to three days longer before death. The 15 
first rats lost 46 per cent of their initial body weights at death. 

Fifteen other rats given sea water to drink survived for 7 to 26 days. The 
deficit of body weight at death was the same as above, 46 per cent. However, 
the mean survival time was increased from 10.2 days to 13.7 
was probably significant (A3.5 days + 1.5 standard error of the difference). All 
rats of the two groups of 15 each were not studied simultaneously; this fact in- 


days; this increase 


creased the variability of conditions. However, representatives of each group 


were paired, and were weighed daily in order that any chance access to wate! 
would be detected. Ingestion of sea water appeared to diminish the rate ot 
weight loss, and in 11 of the 15 pairs of individuals survival was aided by it. 
Heller (1932) showed that survival was not indefinite when equivalent solutions 
of various salts were drunk by rats. 

Rats deprived of both food and water survived 7 days or more. Deprived of 
food alone, they survived no longer, and lost just as much weight. This result 
contrasts with that for larger animals in which stores of food outlast stores of 
water. 

Salt solutions after water privation. Solutions of sodium chloride may be sub- 
stituted for water in periods of recovery from previous dehydration. For these 
tests rats were deprived of water for either one or two days, then presented with 
the solutions. Whereas the rats that were allowed water invariably drank, 
within one hour, amounts nearly equal to the body weights they had lost during 
privation, those given 1.0 M NaCl drank practically nothing during the first 
hour. They repeatedly tasted the solution at the burette and refused it. In the 
subsequent 24 hours, however, about 1 per cent of the body weight was consumed 
(fig. 3). 

When given 0.5 M NaCl after the privation of water, rats drank very little 
during the first hour; but during 24 hours consumed more than half the volume 
of tap water ordinarily consumed in one day. 

When given 0.25 M NaCl at the close of water privation, the rats took more 
than they took of water itself. By ingesting double the usual volume, they thus 
paid off the debt of body water and at the same time were able to eliminate the 
salt taken in this drink. 

Sea waters in series. In another set of experiments rats always had drink 
available but were made to shift successively from one kind of drinking solution 
to another. One object was to see whether by starting with a diluted drink, rats 
could later utilize whole sea water to greater advantage. In none of five tests 
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was tolerance surely increased. Possibly a cumulative injury was indicated; ¢.g., 


one individual tolerated } sea water only 6 days, in place of its previous 12 days. 

Another test was designed to find whether recovery was possible in an animal 
given 4 concentration of sea water, at the close of a regime of whole sea water. 
An initial gain of weight was actually made, and later a very slow increase of 
weight ensued, but the original body weight was not attained. Evidently the 
rat could find water for maintenance in this solution, but only slowly could the 
deficit previously created be removed. More dilute solutions allowed quicker 
recovery. 

Recovery. After severe deficit of body weight of any sort, restoration of weight 
upon ad‘libitum intakes of food and water was a slow process. Following six 
days’ privation of water, a week was usually required to regain the original body 
weight. Probably the depletion of food substances retards the utilization of 
water. 

When rats were given fresh water after having been allowed only sea water for 
six days (fig. 1), they drank rapidly for the first hour. This is evidence that 
water deficit predominated over food deficit. Through the first 24 hours they 
took 75 per cent more water than in average 24-hour periods of tap water before 
sea water was given. It might have been expected that rats would have drunk 
enough extra water to restore body weight; such is far from being the case, pos- 
sibly because part of the weight deficit is non-aqueous. From an extreme deficit 
of 30 per cent of B,, less than half was made up in the first 24 hours when distilled 
water was available (fig. 2). The excessive intake of water persisted for at least 
five days, gradually diminishing during the recovery. After ? sea water, less 
distilled water was taken during recovery. 

The above intakes are in great contrast to the absence of extra water ingestion 
following water privation (fig. 1). After privation of water, rats do not drink 
the water missed. Probably the extra drinking after sea water is related to the 
slight accumulation of salt in the body. 

The ad libitum food ingestion was no faster at the close of the sea-water period 
than in the original control period, though during the sea-water regime the con- 
sumption of food had been much less. This accords with the sequel to water 
privation (fig. 1). What further factors prevent the faster ingestion and utiliza- 
tion of both food and water in recovery are not known. 

There is but slight direct evidence that salt was stored in the body during sea- 
water ingestion. The maximal storage, measured by subtracting Cl in urine 
from Cl in fluid and food ingested, was only 1 meq. per day. If it were stored, 
extra salt excretion would be expected during the first days of recovery; excretion 
of 10 meq. NaCl would require 20 ml. of water, which is more than one day’s usual 
urine per 100 grams of rat. Actually the day’s volume of urine was not greater 
than usual on the first day of recovery from sea water, just as it was during recov- 
ery from privation of water (fig. 1). Upon the second and later days of recovery 
it equalled the usual excretion. 

ComMMENT. The tests show that when rats have access to sea water they may 
survive significantly longer than if denied all water. Some utilization of the sea 
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water is suggested by the fact that on days when they ingest most of it they los 
least body weight. The urine obtained from some individuals is richer in chlo- 
rides than is the sea water. But the small fraction of water saved in the bod: 
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from this sea water, even during depletion of body water, is insufficient to supp! 


the amounts of water lost by evaporation. Correspondingly, body weight is not 
maintained upon the regime of sea water; however, after the initial loss, 
of decrease may be very slow in some individuals. 

Hence it may be concluded that a slight contribution toward sur 
maintenance is derived from sea water by those rats that drink optimal am 
of sea water. Body weight is diminished less quickly and the rats outli 
per cent of survival time those rats without water; while the tolerated deficit of 
body weight is the same in both. 

Both the maximal urinary concentrations and the utilization of sea water var 
among individuals. No rats are able to survive indefinitely upon sea water, 
unless it be when mixed foods are available, since no natural food would be so 
poor in water as the dried milk or chow used in the experiments. Possibly toods 
poorer in protein also favor economy of water. 

No clear evidence was obtained that an individual could acquire the ability to 
utilize sea water upon gradual adaptation to drinking it. It is still conceivable, 
however, that slower and more prolonged conditioning to the sea water would 
allow rats to live upon it. Rats do not pile up an excess of salt in order to obtain 
free water. 

Other species than the rat are even less favored in native abilities to utilize sea 
water. The maximal urinary concentration of chloride (0.6 M) in the rat com- 
pares with the urinary maximal concentration of 0.37 M in man (Adolph, 1923), 
0.33 M in dog (Ambard, Wolf), and 0.32 M in goat (Chaussin). Hence it is quite 
impossible that any net water be derived from sea water by those species. In- 
stead, convulsions are brought on whenever enough salt is taken in excess (Gutt- 
mann, 1864). There may be other mammalian species whose excretory proc- 
esses could keep up with a turnover of sea water, but they are not known. Those 
excretory processes might be very valuable to possess, especially by whales and 
gulls. Fishes are generally believed to have solved the problem of utilizing sea 
water by non-renal excretion of salt through special glands of the gills (Krogh, 
1939). Whether other schemes exist in nature for utilizing the water from sea 
water remains to be ascertained. 


The chloride titrations were kindly done by Mr. J. J. Kelly. 


SUMMARY 


1. Albino rats survived slightly longer, while losing the same amount of body 
water, when allowed to drink sea water than when denied all water. 

2. Inclination and ability to ingest and metabolize sea water varied among 
individuals. The concentration of chloride in urine was in some individuals 
greater than that in the sea water. These high concentrations do not occur in 
man or dog or marine mammals (Fetcher, 1939). The rats gained water from 
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ingestion and subsequent excretion of salts, slower than they lost it by evapora- 
tion. 


3. Half sea water, or equivalent solution of sodium chloride, allowed indefinite 
maintenance of body weight in rats, with augmented turnovers of water and salt. 
4. Maintenance of water content was not favored by progressive increase in 


the salt concentration of drinking water. 

5. Recovery from dehydration as a result of previous water privation did not 
occur when sea water or equivalent concentration of sodium chloride was allowed. 
When fresh water was given the corresponding recovery required several days’ 
time. 
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As part of a regional study of the nutritional status of college women, the basal 
metabolic rates of women students living in 5 mid-western states have been 
investigated. It was desired to determine the normal basal metabolism 


these age-groups and, as a range of latitude was represented in the cooperating 


states, to note if geographical differences were evident. 

Present basal metabolism standards for women are generally believed t 
high, particularly through late adolescence and early maturity (19). 
tomary to use adult standards for these ages but this practice has been ques- 
tioned as evidences of growth are often apparent during these years (20, 24 
Harris and Benedict (13) found the limits for various stages of development wer 
indefinite which fact further complicates the establishment of standards. They 
also suggested that measures of variability are quite as important as average 
values. 

In a study of girls, Stark (19) observed the adult tvpe of metabolism becom- 
ing apparent from 17 to 21 years of age. In later work (20) she suggested the 
ages of 16 to 21 vears as a border line period during which some growth might be 
expected to occur. Benedict and Hendry (3) reported a distinct but slight de- 
crease in the basal rate of adults, the average amount per vear for women being 
2.29 Calories per 24 hours. With young subjects, particularly girls of 5 to 17 
vears, the decrease is much greater according to Boothby and Sandiford (5). 

A great range in the basal metabolism of Connecticut College women made 
Rogers (18) doubt if the subjects were always in a basal state at the time of a 
test, even though they appeared to be, in so far as outward indications were 
concerned. 

According to Benedict (2), women show more day-to-day variability in the 
basal rate than men. He attributed this to the effects of the menstrual cycle 
and suggested that these individual differences were more or less equalized when 
large groups of subjects were used. 


1 Approved for publication by the Advisory Committee as Paper no. 13 of the Regional 
Project of the North Central States relating to the Nutritional Status of College Women 

? Contribution 104, Department of Home Economics, Kansas Agricultural Experiment 
Station, Manhattan. 

3 Journal Paper No. J-1118 of the Iowa Agricultural Experiment Station, Ames. Project 
538. 

4 Paper 2087, Scientific Journal Series, Minnesota Agricultural Experiment Station, St 
Paul. 

5 Approved for publication by the Ohio Agricultural Experiment Station, Wooster. 

6 Approved for publication by the Oklahoma Agricultural Experiment Station, Still- 
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Jenkins (15) advocated the determination of the mean basal metabolic rate 
of a series of normal individuals for each particular region. This is in accord 
with the work of several investigators (7, 16, 17, 21, 23) who find geographical 
location an important factor in basal metabolism. Du Bois (8), however, sug- 
gested that things other than climate may account for some of these differences. 

Results of studies of the effects of season upon basal metabolism do not agree. 
Gustafson and Benedict (11) observed that sunshine and humidity, as well as 
temperature, were involved. They noted a tendency to low levels in winter 
and high ones in spring and summer. Tilt (22) found no seasonal change in the 
basal rate while Hafkesbring and Collett (12) obtained higher results in cold 
than in warm weather. 

Before better standards can be established it is generally believed (8, 13, 19) 
that many studies must be made including large numbers of normal persons of all 
ages and types and representing many different localities. The present studies 
are submitted as a contribution to this end. 

ProcepURE. The 5 co-operating states were Iowa, Kansas, Minnesota, Ohio 
and Oklahoma. With the exception of Oklahoma, in which the subjects were 
studied for 3 years, the basal determinations were made over a 5-year period or 
longer. The subjects were regarded as normal in health as determined by gen- 
eral appearance and freedom from illness. No thyroid disturbances were appar- 
ent. The young women were regarded as typical of the student population in 
each state. While the ages ranged from 17 to 24 years inclusive, the majority 
of subjects in each state fell into the 18- to 22-year groups. 

The tests were made under the usual standard conditions (8). A closed-circuit 
portable respiration apparatus of the Roth-Benedict type was used. The ma- 
chines were carefully checked for accuracy. Operators were skillful in handling 
apparatus and subjects, although some were apparently more efficient than others 
(6). The methods used were uniform for the co-operating states and were those 
generally accepted as reliable. No determinations were made during the men- 
strual period or at any other time of known excitement or strain. 

Duplicate 8-minute tests were made on a subject on any given day with a 2- 
to 3-minute period of rest between. With the exception of a few early cases 
which were tested on one day only, a total of 4 tests was obtained for each sub- 
ject, two on each of 2 days which were scheduled as close together as possible. 
The mean of the 4 tests was used as one determination of the basal metabolic 
rate. In many instances, but not always, the 4 tests agreed within the conven- 
tional 5 per cent formerly regarded as essential. 

A total of 1179 determinations was made on 576 different subjects. These 
were distributed as follows: lowa—264 determinations, 154 subjects; Kansas— 
379 determinations, 158 subjects; Minnesota—283 determinations, 114 subjects; 
Ohio—172 determinations, 114 subjects; Oklahoma—81 determinations, 36 
subjects. Many of the young women were studied each year they were in col- 
lege, so appear in different age-groups. This accounts for the fact that the 
individuals are fewer than the number of determinations. 

RESULTS AND Discusston. Preliminary treatment of the data indicated that 
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statistically significant differences existed between states. Consequently the 
findings for each state are reported separately (table 1). Because of uné 
numbers and, in some cases, too few subjects in the different age-groups 
also because significant differences appeared to exist between ages in sor 


TABLE 1 
Vean basal me tabolism oj mid-western college 
Al NDAR PER CENT 
SQ.M./HR ERROR  FIDUCIAL LIMITS RROR 
lowa iN S 
17 16 35.9 0.562 34. 7-37 .1 17 5.0 0.504 
1s 31 35.1 0 379 34.3-35.9 1s 5S 0). + 
19 48 35.0 0.368 34.3-35.7 19 wi 33.2 0 7 2. 
20 52 35.1 0.328 34.4-35.8 So 32.8 0.26 2.3 
21 50 34.6 0.331 34.0-35.3 P1 56 3.1 0.283 2.5 7 
22 38 34.6 0.316 34.0-35.3 22 a7 2.7 0.377 2.0 
23 1S 35.0 0.655 33 .6-36.4 23 13 32.9 0.462 
24 11 34.1 0.665 32 .6-35.4 24 1] 32.4 1.04 ! 7 
Total... 264 379 
Minnesota Ohio 
} 17 34 36.4 | 0.381 | 35.6-37.2 
18 34 35.4 0.413 34.9-36.6 18 10) 33.8 0.391 0-34.56 
19 76 34.9 0.257 34.4-35.4 19 35 34.0 0.326 33 .3-34.7 
20 65 33.9 0. 269 33.4-34.5 20 22 34.8 0.520 33.7-35.9 
21 48 33.5 0.356 32.7-34.2 21 32 34.0 0.430 33.1-34.9 
22 37 33.5 0.416 32.7-34.4 22 9 34.6 0.787 32. 8-36.4 
23 15 33.3 0.416 32.4-34.2 
| 24 12 32.2 0.526 31 .0-33.2 
Total 283 172 
Oklahoma 
17 8 34.4 0.420 33.4-35.4 
18 19 34.0 0.617 32.7-35.3 
19 25 33.6 0.460 32.7-34.5 
20 20 32.3 0.408 31 .4-33.2 
21 9 31.1 0.674 29 .5-32.7 
Total 81 


younger groups, it was not possible to consider the entire number of students 
within a state as a homogeneous lot. This made it impossible to determine a 
} mean basal rate for each state which included all subjects. Actually this could 
be done only for the ages of 20 to 22 years inclusive, and for 4 states. Analysis 
of variance showed the Oklahoma subjects were significantly different at 20 years, 
and after this age the numbers were too few to give reliable results. Therefore 
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no general mean was computed for this state, although it appears that the basal 
rates are undoubtedly as low or lower than those of any other state studied 


(table 1). The other 4 states are ranked in descending order as to their basal 
metabolic rates (table 2). An analysis of variance based on these limited data 


showed the differences between states for these ages were no longer as great as 
they had been when all the age-groups were used (P < 0.08). Even so, with a 
figure so close to significance as this, it still seemed advisable to consider the 
states separately. 

In table 2 the states are again ranked, but in ascending order, according to the 
mean temperatures for the vears of 1934-1938 inclusive, which cover the greater 
part of this study. Assuming, as has been suggested by some workers, that 
basal metabolism is inversely proportional to temperature, the mean basal rate 
in the different states might then be expected to place in the same relative posi- 
tion as for temperature but in inverse order. In accord with this idea, the sub- 
jects from the warmer states, i.e., Kansas, definitely (table 2), and Oklahoma, 


TABLE 2 


Basal metabolic rates of the co-operating states compared with the mean temperatures (25 


STATE MEAN STATE TEMPERATURES 
, 1934-1938, IN 
no Cal./sq.m./hr. F 
Towa 140 35.8 Minnesota 41.6 
Ohio 63 34.4 Iowa 19.5 
Minnesota 146 33.7 Ohio 52.0 
Kansas 182 32.9 Kansas 56.6 
Oklahoma 61.7 


apparently (table 1), had slightly lower basal rates than those from the colder 
regions. However, Minnesota, the coldest state, did not have the highest rate 
as might have been expected. 

Che possibility of differences in thyroid activity in different localities probably 
should be considered as a possible explanation for these discrepancies. Min- 
nesota and portions of Ohio are part of a region naturally deficient in iodine. 
Lack of iodine is known to cause thyroid changes which result in lowered basal 
metabolism. While the use of iodized salt was general in these regions during 
the period of the study, it is possible that there may have been some deficiency 
in some of these subjects. This may explain to some extent the somewhat low 
rate of Minnesota students which was evident in spite of a cold climate. Stark 
(19) has reported for a somewhat younger group of 47 Wisconsin girls (19 to 20 
yrs. old) a similar basal rate of 33.5 Calories per square meter per hour (table 2). 
Wisconsin also has a cold climate and is in the iodine-deficient region so a similar- 
itv in basal rates would be expected and apparently existed for these two states. 

The range in altitude, 703 to 1002 ft., exhibited by the 5 states (table 3) is 
slight. The difference of 299 ft. is too small to have affected results appreciably 
aceording to Iliff et al. (14). 


| 
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For all states the means of the first vear’s determinations ta |, were hig 


than those for succeeding vears. For Kansas and Ohio these differences 


significant (IXansas, 17 and 18 vears, P < 0.01; Ohio, 17 and 18 a 
0.001). From the standpoint of age a higher rate might be expected 


subjects at this time were vounger and in the border line period but also 
few exceptions, these were the means of first determinations so it is unlikels 
age is the sole explanation of this higher rate although it is proba! 
one. According to Du Bois and Chambers (9) and Stark (20) first obsé tions 
are usually high, due to unavoidable nervous tension. 

The mean results for all ages in all states covered by this study 
lower than those of Boothby, Berkson and Dunn (4) for women of corresponding 
ages representing different sections of the country but tested at the Mayo Clini 
In part, at least, this is due to the fact that these workers used only their first 
single, satisfactory test assuming that their results would thus be more suitablr 


ior clinical standards. These means are also all lower than the Du Bois stand- 


TABLE 3 


Altitudes (10) represented in study 


STAT 
IXansas Manhattan 
Iowa Ames 
Oklahoma...... Stillwater S70 
Ohio Columbus 744 
Minnesota Minneapolis 703 


ards as modified by Boothby and Sandiford (5) who recommend 36.9 Calories 
per square meter per hour for women of 20 to 24 vears. This figure is frequenth 
used for computing the normality of basal tests. 

3ody temperature has been accepted as a factor affecting the basal rate, the 
metabolism supposedly rising with the temperature. According to Barnes (1 
the temperatures of women are particularly variable and many subnormal values 
are observed. He suggested an average temperature of about 98.0°F. for women 
but found it varied with the menstrual cycle from a low of 97.5°F. at the time of 
ovulation to a peak of near 98.5°F. shortly before the beginning of the menstrual 
flow. 

Body temperatures recorded for this study showed considerable individual! 
variation but practically all were below the 98.6°F. regarded as normal. The 
fact that the temperatures were taken early in the morning would account to 
some extent for this low level. It was not possible to know when ovulation 
was a factor but it undoubtedly was occurring in some cases. The majority of 
these subjects registered temperatures between 97.5° and 98.0°F. and the mean 
for all subjects from the 5 states was 97.9°F. This agrees well with Barnes’ 
mean (1) of 98.0°F. The means for the individual states fell close together, 


Iowa being lowest with 97.7°F. However, in spite of a low body temperature, 
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Iowa subjects showed the highest basal rate (tables 1,2). Little correlation was 
found between basal metabolism and body temperature in this study although 
it has been suggested (1) that physicians may use a low temperature as indicative 
of need for thyroid therapy. 

Basal rates also gave low correlations with respiration and but slightly higher 
ones with pulse rates. Stark (20) has suggested the existence of a rough paral- 
lelism of pulse with the metabolic rate but according to Barnes (1) pulse is not a 
reliable index of basal metabolism. The latter would seem to be true of the 
results of this study in most instances. 

As originally planned, the basal metabolic rates of freshman women were to be 
followed by means of yearly tests during their stay in college. This was difficult 
to carry through for obvious reasons and subject losses were great. Only 193 
of the 576 different subjects for the 5 states were studied as often as once each 
year for 3 or more years. Actually 9 different subjects were followed for 5 vears, 
98 for’4+ years, and 86 others for 3 years. 

No striking trends were evident. Of the entire group, 101 or 52.3 per cent 
were highest at their first determination but only 51 individuals or 26 per cent 
showed a more or less steady decline through the time they were studied. Six- 
teen subjects or 8.2 per cent remained constant (+ | Calorie) for the 3 or more 
years of the experiment. The remainder were likely to be high one year and 
low the next or vice versa. As a rule, intra-individual variations in these yearly 
tests were sufficiently great to mask any definite decreases in the metabolic 
rates that could be attributed to age. Certainly no marked changes occurred 
in the basal rate during these years although the metabolism was by no means 
static. 


SUMMARY 


Basal metabolism determinations have been made on 1179 college women from 
5 mid-western states. These represented 576 different individuals ranging in 
age from 17 to 24 years, inelusive. 

The basal rates for the different states were significantly different. Some- 
thing more than temperature in the geographical regions represented is needed 
to explain the differences in basal rates although it would seem to have some in- 
fluence. In general, the rates were lower in warmer climates. 

Body temperatures were lower than the accepted standards for subjects in all 
the states represented in this study. 

Little correlation was evident for basal metabolism with body temperatures, 
respiration, or pulse rates. 

First tests tended to be high. 

Yearly tests on the same subject over a 3- to 5-vear period indicated that intra- 
individual variations tended to mask any changes from year to year due to age. 
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The decomposition of visual purple results in the formation of a vellow color. 
After vears of doubt it has been finally established that a vellow substance is 
formed but there is a question whether there are one or more yellow substances. 

KXiihne (1) observed that the retina or a solution of visual purple upon exposure 
to light before becoming colorless turned orange, deep vellow and light vellow 
in color. He termed the yellow substance visual yellow or xanthopsin. Follow- 
ing this observation many papers (2) were published giving evidence for and 
against the formation of visual yellow. Unknown experimental conditions 
apparently varied the color. 

In 1929 Naskashima (3) noticed that visual yellow changed from a deep yellow 
in acid solution to a light yellow in alkaline solution. Chase (4) showed by 
spectral absorption curves of bleached visual purple solutions that a yellow sub- 
stance which was affected by different hydrogen ion concentrations was formed. 
Wald (5) extracted a yellow substance which he called retinene and which he 
believed to be a carotenoid from its color reaction with antimony trichloride. 

Lythgoe (2) named the vellow substance which changed color, indicator yellow. 
He and Quilliam (6) found that spectroscopically visual purple formed an orange 
colored substance which he termed transient orange. Visual vellow was consid- 
ered to be a mixture of transient orange and indicator vellow. Indicator vellow 
was thought to be derived directly from visual purple or through the intermediate 
transient orange. In contrast to the visual yellow or retinence of Wald neither 
of these two substances according to Lythgoe were extractable from aqueous 
digitonin solutions with petroleum ether. 

Although Granit (7) believed that retinene and indicator yellow are two 
different substances, Hecht (8) recently gave the opinion that visual purple 
breaks down into a protein and a yellow substance. The colored substance was 
considered to be visual yellow or retinene, the depth of color of which varies with 
the hydrogen ion concentration. 

This investigation is concerned with the characteristics of a decomposition 
product of visual purple which has the properties of indicator yellow and not 
those of visual yellow (retinene). 

PREPARATION. The retinas were obtained from bovine eyes at the killing 
floor of the slaughter house. They were immediately dropped into ice-cold 
alcohol. 

About 10,000 retinas were extracted with 20 liters of an aqueous solution of 
70 per cent ethyl alcohol. The alcoholic extract was shaken with 2 liters of 

1 This investigation has been supported by a grant from the John and Mary Markle 
Foundation. 
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petroleum ether (b.p. 30-60°C.). The petroleum ether fraction was separated 
and the solvent evaporated to dryness by vacuum. The residue weighing 38 
grams was dissolved in 100 ec. of alcohol and 4 grams of potassium hydroxide 
dissolved in 25 cc. of water were added. The solution was allowed to stand for 
two hours at 26°C. and was then extracted with petroleum ether to remove the 
unsaponifiable material and visual yellow. The alcoholic solution was diluted 
with 75 ec. of distilled water, made acid with hydrochloric acid and then ex- 
tracted with petroleum ether to remove the fatty acid fraction. The alcoholi: 
solution was diluted with 75 ec. of distilled water and then extracted with ethy! 
ether. The ether soluble fraction possesses a deep yellow color. After evapora- 
tion of the ether the residue was golden brown in color. The treatment with 
aqueous alcohol and ether was repeated for purification of the indicator vellow 

The yield from 10,000 retinas was about 150 mgm. 

The first petroleum ether fraction contained pro-indicator vellow and visual 
vellow. These two pigments could not be separated. By thealkaline hydrolysis, 
indicator vellow was liberated. The petroleum ether extracted the visual vellow 
from the alcoholic solution leaving the indicator yellow to be extracted with 
ethyl ether. 

A vellow substance possessing the indicator yellow reaction to acids was sep- 
arated from visual vellow by another method which was unsuitable for chemical 
procedures leading to isolation of individual compounds. After the bacillary 
laver of the retina was bleached to a yellow color upon exposure to light, it was 
extracted with a 1 per cent aqueous solution of sodium glycocholate. Upon 
acidification of the clear vellow extract, a vellow color precipitate formed in a 
colorless solution. Apparently a visual yellow protein was precipitated. No 
test for protein was made. The remaining bacillary layer of the retina insoluble 
in the glycocholate solution was extracted with a 1 per cent aqueous solution o! 
digitonin. The clear extract upon acidification gave no precipitate and turned 
the deep yellow of indicator yellow. The reverse process was tried. The 
bleached bacillary layer of the retina was extracted with digitonin solution. The 
extract turned vellow upon acidification. The retinal residue insoluble in the 
digitonin solution was extracted with a 1 per cent solution of glycocholate. The 
clear yellow extract upon acidification with hydrochloric acid gave a vellow 
precipitate and a colorless solution. 

PROPERTIES. Indicator yellow was a dark brown viscous solid which was 
slightly soluble in petroleum ether and soluble in alcohol, ether benzene, acetone 
and chloroform. It was soluble in 70 per cent aqueous alcohol from which it was 
extractable with ether or chloroform but not petroleum ether. In contrast visual 
vellow was extractable with petroleum ether. Indicator yellow in aqueous 
digitonin solutions of bleached visual purple was not extractable with ether. It 
was extractable from one per cent aqueous alcoholic solution of sodium hydroxide 
by ether or chloroform but not by petroleum ether. 

In acid alcohol indicator yellow gave a feeble pale green fluorescence upon 
exposure to ultra-violet light. In alkaline alcohol it produced a remarkably 
strong vellow green fluorescence. 
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With antimony trichloride in chloroform it gave a pale pink color which has 
no distinct spectral absorption in the visible spectrum. The Ej 2 °"* of the 
spectral absorption maximum at 360 mu in absolute alcohol at pH 8.0 was 212 
and at 444 mu at pH 5.2 was 163. 

The reaction with Girard T. reagent suggested that indicator yellow possesses 
a carbonyl group which is formed by the hydrolysis of pro-indicator yellow. 
Visual yellow and pro-indicator yellow showed no reaction with this reagent. 

Barium or copper acetate gave no precipitate with an alcoholic solution. 

By micro-combustion a sample which was the purest obtainable gave an 
average of 52.96 per cent carbon, 8.32 per cent hydrogen, 1.99 per cent nitrogen, 
0.48 per cent phosphorus, and 6.76 per cent ash. No sulfur was present. 

Discussion. Of the various methods for the isolation of indicator yellow 
which were tried the most successful procedure is given. The retinas were proc- 
essed in batches of 2000 until the material of about 20,000 to 40,000 eyes was 
accumulated. As far as can be determined by qualitative tests and by spec- 
troscopic absorption the indicator yellow which was isolated is identical with 
that found in bleached visual purple solution obtained from bovine retinas. 

All attempts to separate pro-indicator yellow from visual yellow have failed. 
The solubilities are similar and chromatographic materials tend toward destruc- 
tion of the substances. Because pro-indicator vellow and visual yellow are both 
extractable from aqueous alcoholic solutions of bleached visual purple by 
petroleum ether and chloroform and indicator vellow by chloroform and not by 
petroleum ether, the confusion over properties of the yellow substances is ex- 
plained. However, the digitonin and glycocholate which are used in aqueous 
solutions to dissolve visual purple greatly modify solubilities by the formation 
of new complex compounds with the lipids. 

The properties of pro-indicator yellow suggest that it is a fatty acid ester 
without a free carbonyl group and it is a part of visual purple molecule. Ap- 
parently indicator yellow possesses a free carbonyl group and has few if any 
carotenoid properties. The percentage of nitrogen and phosphorus and other 
properties indicates that it is not a simple phospholipid. 

The part that indicator yellow plays in the vision is unknown. Since many 
investigators find it present in bleached visual purple solutions when the test for 
change of color is made either chemically or spectrographically it seems that the 
visual process is more than a splitting off of visual yellow (retinene) from a protein 
and that indicator yellow is also formed. Indicator yellow according to its com- 
position and color reaction is not a conjugated visual yellow or a derivative of 
visual yellow. Its antimony trichloride reaction is not characteristic for a 
-arotenoid. 

The names, visual yellow for retinene and indicator yellow, should be used 
until the chemical structures are determined. Retinene by chemical terminology 
is a hydrocarbon but no chemical proof has been given. Its properties suggest 
that it is a carotenoid but the chemical evidence is decidedly meager. 
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SUMMARY 


A yellow lipid, provisionally named pro-indicator vellow, was extracted from 
bovine retina. After alkaline hydrolysis a fatty acid and indicator vellow were 
isolated. Astudy of the properties of indicator yellow shows that it is remarkably 
different from visual yellow. Its spectral absorption curve shifts towards the 
longer wave-lengths with the increase of acidity of the solutions. Indicator 
yellow is one of the substances which is found after visual purple is affected by 
light. 
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It has been demonstrated earlier by Verzar and Laszt (1935) and later by 
Bavetta et al. (1941) and Bavetta and Deuel (1942) that a definite inhibition of 
fat absorption results in rats from the total ablation of the adrenals. Bavetta 
et al. (1941) also demonstrated that this depression in fat absorption by adrenal- 
ectomized animals could be restored to normal by the administration of a potent 
cortical extract. These findings have been opposed by several investigators, 
notably Barnes, Miller and Burr (1941), who observed that adrenalectomized 
rats maintained in a good state of health by the administration of salt solution 
absorbed fat at the same rate as normal controls. At that time we felt that the 
failure of Barnes et al. (1942) to observe any significant difference in fat absorp- 
tion in their adrenalectomized rats was due to the fact that they employed much 
larger and older rats. It was pointed out that cortical deficiency is much more 
critical in younger animals. 

In our previous experiments (1942) it was noted that the absorption of tribu- 
tyrin and of sodium butyrate was unaffected by adrenalectomy. This suggested 
that the absorption of the lower and more soluble fatty acids is probably not 
dependent on adrenal activity. As a result of this observation, it seemed desir- 
able to undertake a systematic study of the relationship of solubility to ab- 
sorption. 

Metuops. The procedure employed for the study of absorption of neutral 
fats was similar to that reported earlier (1941), while the method used for the 
letermination of volatile acids, when fed as soaps, was the same as that described 
by Deuel et al. (1941). In all cases recovery experiments were first conducted 
in order to astertain the efficiency of the method employed. The rats used in 
these recovery experiments were fasted a similar period of 24 hours before the 
recovery tests were performed. 

Capric and caprylic acids, when fed as such, were recovered by washing out the 
gut with 80 cc. of absolute isopropyl alcohol instead of diethyl ether as employed 
by Deuel et al. (1941). The amount of the acid was determined by direct titra- 
tion. In all cases a subtraction was made for valu,s found in fasting controls. 
The recovery values obtained were 94.9 per cent for capric acid; 90.4 per cent for 
the tricaprylin; 94.9 per cent for the caprvlic acid; 95.5 per cent for the sodium 
caprvlate; 88.1 per cent for the tricaproin; and 90.2 per cent for the sodium capro- 
ate. In all cases at least 10 animals were used for each series of tests. 

In all experiments the absorption period was 3 hours except with capric acid 
where an 8 hour absorption period was used. 
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The rats used in these tests were female rats weighing approximately 120 grams 
which had been maintained on our regular stock diet. The triglycerides and 
fatty acids employed were all Eastman products, the purity of which was deter- 
mined by their saponification numbers. Because of the marked laxative effect 
of tricaprin (Deuel et al., 1940), it was not tested here. 

Resutts. The average results are summarized in table 1 which also include 
for comparison the mean values previously reported from this laboratory. 

It was found that the absorption of tricaproin and of sodium capreate was not 
depressed by adrenalectomy. The absorption of tricaprylin also shows no appre- 
ciable difference between normal and operated animals. However, there is 
significant depression in the resorption of caprylic acid. This decrease was, t 
some extent, corrected by feeding this acid as the water-soluble sodium caprylate 
The absorption of capric acid was also very significantly depressed by the extirpa- 
tion of the adrenal glands. Thus, the cortical influence on fat absorption which 


TABLE 1 
Absorption of capric acid, tricaprylin, caprylic acid, sodium caprylate, tricaprion and sodiun 
caproate by normal (N) and adrenalectomized (A) female rats 


z BODY ABSORPTION IN BSOR 
WEIGHT IN MGM. PER 100 SQ. cM TION 
FED GRAMS PER HOUR* = EARLIER 
=x 
- N A N A N | A s \ A Ss 
nours 
Caprice acid 13 10 96 116 | 18.241.0} 12.840.5) 4.32 22 2 
Tricaprylin 3 13 10 110 130 47.143.2) 43.843.5' 0.70 3.83 2 45 
Capryliec acid 3 11 ll 22 142 2.541.2) 28.542.1) 5.78 7 
Sodium caprylate 3 12 10 110 130 50.141.3) 43.242.0) 2.89 
Tricaproin 13 11 132 134 52.441.8) 51.5444 4+0.5 2 4.54 
| 
Sodium caproate 3 12 12 106 43.243.0) 45.441.5 
Sodium butyrate § 1.5 16 14 122 103  45.042.6) 42.822.3 
Tributyrin § 3 11 16 108 117  69.143.7) 65.8+1.8 0 +0) 0.540 
* Including Standard Error of Mean. 
t Mean Difference: Standard Error of Mean Difference. When this ratio exceeds 3, the results are « ider 


significant 

t Results from Deuel and Hallman (1940) and Deuel et al. (1941 

§ Bavetta and Deuel (1942 
seems to start with more soluble caprylic acid is very decidedly evident with 
capric acid. 

Discussion. The present experiments support our earlier conclusions that 
whereas the natural fats require the presence of the adrenal cortex for thei 
efficient absorption, the short-chain fatty acids which are more water soluble and 
also their triglycerides are absorbed as rapidly in the adrenalectomized as in the 
normal rat. In the present tests it is shown that the absorption of tricaproin o1 
sodium caproate is not influenced by adrenalectomy as was noted earlier for 
tributyrin and sodium butyrate. 

One may regard tricaprylin as an intermediate member between those trigly- 
cerides where the fatty acids are water soluble and those where they are practi- 


cally insoluble. While butyric acid is infinitely soluble in water, caproic acid dis- 
solves to the extent of 0.89 part, caprylic to 0.079 part and capric to only 0.0034 
part per 100 cc. of water. 
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The need for some cortical factor begins to manifest itself with caprylic acid 
and becomes very acute in the case of capric acid. It is to be noted that the 
absorption of tricaprylin is not significantly altered by adrenalectomy. How- 
ever, a somewhat greater accumulation of fatty acids was found in the operated 
group as compared with the normal controls. While this difference is not sig- 
nificant, it does, however, show that the caprylic acid liberated as a result of 
hydrolysis is absorbed at a slightly lower rate by adrenalectomized rats. This 
differential rate is definitely proved and magnified by the results obtained in the 
absorption experiments where caprvlic acid itself was fed. This depression was 
corrected to an appreciable extent by feeding the more soluble sodium caprylate. 
One must conclude from such data that in the case of tricaprylin the caprylic 
acid formed as a result of its hydrolysis in the intestine becomes available at a 
slow enough rate so as to be absorbed equally well by both groups of rats. It is 
thus possible that the adrenals have a relative rather than absolute influence on 
the permeability of the intestinal epithelial cells. The caprylic acid thus pro- 
vided would not overtax the capacity of the intestinal epithelium of either the 
operated or normal animals to absorb the liberated fatty acids. However, flood- 
ing the absorption mechanism with an oversupply of caprylic acid would bring 
out the difference in powers of absorption between normal and adrenalectomized 
groups. 

While the absorption of caprylic acid, when fed as such, was lowered 33 per 
cent, that of capric acid was decreased to no greater extent (29 per cent). In the 
latter experiments, the rate of absorption was so slow that the experiments were 
continued for 8 hours to obtain accurate results. The results of the absorption 
on normal rats agree closely with those reported earlier. 


SUMMARY 


There was no significant depression in the absorption of tricaproin, sodium 
caproate, and tricaprylin in adrenalectomized animals as compared with normals. 
The first indication of any inhibitory effect resulting from adrenalectomy occurs 
with caprylic acid and is also evident with capric acid. This indicates that the 
adrenal glands play an active réle in the absorption of the longer chain fatty 
acids. However, the absorption of lower acids is not dependent on adrenal 
function. Differences in the absorption rates of the longer chain fatty acids by 
normal and adrenalectomized animals are probably due to the capacity of normal 
animals to remove fatty acids from intestine at a much faster rate. 


REFERENCES 
Barnes, Burr. J. Biol. Chem. 140: 241, 1941. 
Barnes, R.H.,1I. 1. Rusorr anv G.O. Burr. Proc. Soc. Exper. Biol. and Med. 49: 84, 1942. 
Bavetta, L., L. Hatuman, H. J. DEvEL, Jr. AND P.O. GreeEtey. This Journal 134: 619, 
1941. 
Bavetta, L.anp H.J. Deve t,Jr. This Journal 186: 712, 1942. 
Deve, H.J., Jr. anp L. Hartman. J. Nutrition 21: 227, 1940. 
Devet, H.J.,Jr.,L. HALLMAN AND A. LEonarRD. J. Nutrition 20: 216, 1940. 
Deve, H.J.,Jr.,L. A. RetrmMan. J. Nutrition 21: 373, 1941. 
Verzar, F. ann L. Laszt. Biochem. Ztschr. 276: 11, 1935; 278: 396, 1935. 


to 


A STUDY WITH RADIOACTIVE ISOTOPES OF THE PERMEABILITY 
OF THE BLOOD-CEREBROSPINAL FLUID BARRIER 
TO IONS! 


DAVID M. GREENBERG, ROBERT B. AIRD, MURIEL D. D. BOELTER, W. WESLEY 
CAMPBELL, WALDO E. COHN anp MAKIO M. MURAYAMA 


From the Divisions of Biochemistry and Surgery, University of California Medical Sch 
Berkeley and San Francisco 


teceived for publication June 8, 1943 


The mode of formation of C.S.F.? is a problem of fundamental importance in 
the fields of physiology and biochemistry. Flexner (3) states that the key to the 
problem is the réle played by the tissue membranes separating blood plasma and 
C.S.F. in the distribution of ionic and molecular species between these two fluids. 
The question is, do the endothelial or ependymal elements of the barrier between 
the blood and C.S.F actually perform work in the formation of C.S.F., that is, do 
they play an active, secretory réle, or is the distribution of substances between the 
fluid and the plasma maintained by passive diffusion such as would occur across 
an inert membrane impermeable to colloidal particles? 

The literature dealing with this problem has been extensively reviewed in 
articles (3, 4, 5) and monographs (6, 7) and it would only be repetitious to con- 
sider it here. 

A somewhat different hypothesis of the mechanism of the formation of C.s.F. 
has recently been proposed by Wallace and Brodie (8), who suggested that the 
dissolved substances first pass from the blood plasma into the extracellular fluid 
spaces of the brain and cord and from these into the C.S.F. Equilibrium, when 
it is established, is not between the plasma and C.S.F., but between the extra- 
cellular fluid of the central nervous system and the C.S.F. According to these 
authors, the sequence of passage of dissolved substances is from the plasma into 
a pericapillary and perineuronal space constituting the extracellular tissue space. 
In this first passage they must cross a barrier which offers some selective hin- 
drance to their course. From the extracellular spaces, the dissolved substances 
enter the perivascular spaces and thence pass into the subarachnoid fluid. The 
choroid plexus, heretofore believed to be the major site of the formation of C.S.F., 
is relegated to a minor réle in determining the composition of the C.S.F. 

The experimental evidence for the foregoing hypothesis is that the extracellular 
fluid space of the central nervous system is distinct in character from that of the 
extracellular space of tissues elsewhere. Passage of dissolved substances into the 


1 Aided by a grant from the John and Mary R. Markle Foundation. Accounts of this 
work have been presented at meetings of the A. A. A. 8. at Columbus, December, 1939, and 
Pasadena, June, 1941, and at the 1941 meeting of the Federation of Societies for Experi- 
mental Biology (1, 2). 

2 To save space C.S.F. will be used as an abbreviation for cerebrospinal fluid. 
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extracellular space of tissue is rapid, while into the extracellular space of the 
central nervous system it is slow. 

The recent developments in the use of radioactive isotopes, artificially produced 
by the cyclotron, afford a convenient and valuable method of studying the 
properties of the barrier between the blood and the C.S.F. for the normal ion 
constituents of the body. The isotope method is admirably suited to the study 
of problems of permeability. By the use of labeled ions, it is possible to discern 
a transfer or exchange in a system in which there are no net changes in concen- 
tration. Such labeled ions may be distinguished from the ions already present in 
the body fluids by the radiation which is emitted when the unstable isotopes dis- 
integrate. Otherwise there is no chemical or physiological difference. 

The authors have undertaken the study of the formation of the C.S.F. by means 
of such labeled ions. The aim of the investigation was to measure the rates at 
which ions present in the blood plasma appeared in the spinal fluid. By the use 
of salt solutions labeled with the isotopes already mentioned, it was possible to 
distinguish the administered ions from those normally present in the body. As 
was to be anticipated, it was found that the permeation of ions from the blood 
stream into the C.S.F. is generally a slow process; many hours are required for the 
labeled ions to reach the normal ratios found by chemical analysis. 

The results of this study favor the secretion theory of formation of the C.S.F. 

EXPERIMENTAL METHODS. Large, normal dogs weighing between 15 and 30 
kgm. were used in these experiments. After anesthetization with intravenous 
sodium pentobarbital in doses of 30 mgm. per kgm. of body weight, a cisternal 
puncture was aseptically performed with a no. 19 gauge spinal puncture needle. 
After about 45 minutes’ drainage to remove all preformed C.S.F. and when the 
rate of flow had become fairly constant (about one drop in from 30 to 50 sec.), 
the radioactive sample was injected intravenously. 

In order to avoid the dilution of the newly-formed spinal fluid with the rela- 
tively large volume of pre-formed fluid, continuous open drainage from the 
cisterna magna was used. This technique served to eliminate the necessity of 
making uncertain corrections for the dilution of the newly-formed C.S.F. with 
the preformed, non-radioactive fluid. The animal was tilted in such a manner as 
to place the drainage from the cisternal puncture at the lowest possible point of 
the animal’s central nervous system. It was felt that this facilitated as rapid a 
flow as possible of the C.S.F. from its point of formation to the drained cisterna 
magna. In this way the newly-formed C.S.F. was obtained within a minimum 
of time. The lowering of the spinal fluid pressure seemed insufficient to alter 
appreciably the composition of the fluid. 

Samples of C.S.F. were collected continuously for the first two or three hours 
in tared tubes which were changed at timed intervals. At irregular intervals 


3 The use of radioactive isotopes to label ions foreign to the body also may be advantage- 
ous because of the greater sensitivity and convenience of measurement of the radioactivity 
as an analytical tool over the chemical methods of analysis for many ions. The radioactive 
isotopes of the foreign ions, rubidium, strontium and bromine were made use of in the present 


investigation for this reason. 
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(days) the dogs were again anesthetized and cisternal puncture was performed to 
obtain samples of C.S.F. Samples of blood were drawn from different veins in 
the leg into heparin at recorded intervals after the injection and were centrifuge 
to obtain the plasma. 

The tubes containing the samples of spinal fluid were reweighed to determine 
the volume obtained. The contents were then washed into a 10 ml. Coors ashing 
capsule and were evaporated without boiling. Aliquots of the plasma wer 
similarly evaporated. The radioactivity of each sample was then determined by 
means of a Lauritsen electroscope, and after correction for decay, etc., was eX 
pressed in arbitrary units. The radioactivity per unit volume of the samples ot 
spinal fluid was considered to represent the concentration of radioactivity at the 
mid-point of the interval during which the sample was collected. These con- 
centrations, and those of the plasma similarly obtained, were plotted and smooth 
curves were drawn through the points. From these curves there were obtained 
the ratios of the concentrations of the constituents studied in spinal fluid to their 
concentrations in plasma. 

The concentrations of the labeled ions in the blood or C.S.F. were expressed in 
terms of a unit which is one-millionth of the amount of the radioactivity of the 
isotopes administered. This is expressed mathematically by the relation: 

2 ae Radioactive count per ml. of sample * 10 
Units in sample = ; - - : 
tadioactive count in administered dose 

The electrolyte solutions containing the radioactive isotopes were prepared 
according to methods that are now standard (see 9). 

EXPERIMENTAL RESULTS. Fate of formation of fluid. The difficulties in the 
determination of the rate of formation of C.S.F. and the objections to the data 
that have been reported have been amply discussed by others (6,7). Measure- 
ments obtained by open drainage presumably do not correspond with the normal 
rate because of the reduced pressure of the C.S.F. The rate of the formation oi 
fluid even under these conditions is of interest. In our experiments some thirty 
dogs were studied. In these large animals the rate of flow of the C.S.F. averaged 
about 0.2 ml. an hour for each kilogram of body weight, or 96 ml. each 24 hours in 
a dog weighing 20 kgm. With a few exceptions, the range of variation was smal! 
The maximum was about 0.3 ml. and the minimum about 0.1 ml. an hour per 
kgm. It is interesting that the animals in which the C.S.F. was obtained at the 
rate of 0.1 ml. an hour on one occasion gave an output of almost exactly the 
mean value in the successive experiment. 

It is striking that the value of 432 ml. in 24 hours reported by Masserman 
(10) as the rate of formation of C.S.F. in man corresponds almost exactly to the 
rate of formation of C.S.F. observed in this study, when reduced to terms of 
milliliters an hour per kilogram of body weight. 

The alkali elements. Sodium. Solutions of 1 per cent sodium chloride, in 
which the sodium was labeled with Na*‘, were injected intravenously into the 
dogs, in amounts varying from 7 to 15 ml. and with a radioactivity value of 
between 100 and 400 microcuries. The curves showing the rate of disappearances 
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of the Na@from the blood plasma and its rate of increase in the C.S.F. are 
plotted in figure 1. 

The doses of sodium injected produced little increase in the concentration of 
sodium in the blood, and consequently a large gradient of concentration was not 
an important influence in determining the curve of disappearance of the labeled 
sodium from the blood stream. 

The curves of the decrease in Na* of the blood plasma and its increase in the 
C.8.F. cannot be represented by simple mathematical functions. The same thing 
holds true for the other ions. A plot of the logarithm of the Na* activity against 
time does not vield a straight line, which would be the case if the curves could be 
represented by simple exponential functions. An approximate mathematical 
analysis indicates that the curves should be represented by equations involving 
hyperbolic functions. The parameters of the functions are difficult to evaluate 
and in view of the considerable fluctuations in the experimental data, an evalua- 
tion was not attempted. In connection with the mathematical form of the 
curves, it is of interest that Dominguez, Goldblatt and Pomerene (11) found that 
the elimination of intravenously injected creatinine from the bloodstream could 
be represented by a hyperbolic type of equation. 

The variability observed between the curves of the different experimental 
animals is largely to be accounted for by differences in the volume of blood and 
extracellular fluid. The differences in the curves are decreased but not com- 
pletely eliminated if the results take into consideration body weights. 

The curves of figure 1 show that in the first sampling period (from 2 to 3 min.) 
after intravenous administration, the average Na* activity in the blood plasma 
was approximately 350 units per ml. This value dropped rapidly during the first 
hour and very slowly thereafter, the average at this time being about 200 units Na* 
per ml. If all the Na* were in the blood plasma, its concentration would be 
about 1,200 units per ml. The rapid drop in the first hour probably represents 
mainly an exchange of Na* among the components that make up the extra- 
cellular fluids of the body. The slow subsequent drop represents the urinary 
excretion of the labeled sodium and cellular exchanges with sodium containing 
tissues such as bone and connective tissue. 

The plasma Na* values during the approximately stabilized period of concen- 
tration (after one hour) are suitable for calculating the mass of the body in 
which the sodium was distributed. Such caleulations were carried out using the 
equation: 

(HO) xe = administered Na* minus excreted Na* . 100 (2) 

pte specific Na* content of plasma body weight rs 

in which (H.O)x,+ represents the apparent volume of distribution of the Na* 
in the body in percentage of body weight (12). A calculation of the urinary ex- 
cretion during the first hours after the injection, from values for the Na* in the 
urine determined at intervals of 24 and 48 hours, showed it to be a negligible fac- 
tor in the calculation of (H:O)x,+. The calculations yielded values of between 


4 The chemical symbol with an asterisk designates a radioactive labeled atom. 
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22 and 29 per cent for the apparent distribution of the Na* with an ave 
about 25 percent. The average value is approximately that found in rabbits 
and rats (12). 

The rate at which equilibrium is attained in the distribution of the Na* in the 
extracellular fluid varies with the body size of the animal. In rats the con 
centration of Na* in the plasma reaches a constant level in about ten minutes 
after administration, in dogs about one hour and in man about three he 
are required (14). 

Following its injection into the blood stream, the Na* in the C.S.F. increases 
steadily for many hours before a maximum is reached.6. The concentration 


Na* in the C.S.F. eventually overtakes the concentration of Na* in the plasma 
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Fig. 1. The rate of disappearance of labeled sodium from the blood plasma and the rate 
of its accumulation in freshly formed C.S.F.in normal untreated dogs. In this and in the 
following curves, each experiment on an animal is represented by a characteristic symbo 
which is solid for plasma values and open for C.S.F. The curves represent the averages 
of the experimental points. Unit concentration represents one-millionth of the radi 


activity of the administered dose of labeled NaCl. Breaks in the abscissa represent chang: 


in the time scale. Breaks in the ordinate represent changes in the concentration seale 
Fig. 2. The rate of disappearance of labeled potassium from the blood plasma and 
rate of its accumulation in freshly formed C.S.F. 


as was to be expected on the basis of their respective chemical compositions. 
After 21 hours the concentration of Na* in the C.S.F. was higher than in the 
plasma, and the ratio‘ of C.S.F. to plasma Na* was 110 per cent, which comes 
within the range of variation of this ratio in normal human beings as determined 
chemically. 


5 Staining with the dye, brilliant vital red, which reduces the permeability of the barrie: 
between blood and C.S.F. to cocaine, does not alter the permeability of the barrier 
sodium ions or water (15). The curves for the concentration of Na* in the blood plasm a 


and in C.S.F. of stained dogs can be essentially superimposed upon the curves of the un- 
treated animals. The water distribution of the body is not significantly disturbed by 
staining with brilliant vital red. In three tests the (H.O)Na* values were calculated to be 


22, 25.5 and 29 per cent. 
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Potassium. The data of six experiments on dogs injected with K* are plotted 
in figure 2. The amount injected varied between 7 and 30 ml. of an approx- 
imately isotonic solution (1.3 per cent) of KC] with a radioactivity value of be- 
tween 150 and 1,000 microcuries. 

The rate of disappearance of K* from the blood plasma followed a curve that is 
similar in shape to that found for Na*, but the concentrations of K* in the 
plasma were always much lower. The K*, injected as isotonic KCl, left the 
plasma with great rapidity. The maximum concentration obtained in the first 
sampling period was about 80 units per ml. of plasma. After about an hour, 
when the plasma K* level tended to plateau, the average concentration was 
between 8 and 10 units per ml. in contrast to about 200 units found for Na*. 
In other words, the highest concentration of K* in the plasma after about an 
hour is only about 5 per cent of that for Na*. At 20 hours the concentration of 
K* is down to about 5.5 units per ml., the Na* down to only 150 units. The con- 
centration of K* in the plasma never remained constant, but in the later periods 
of time the rate of its reduction hecame quite small. 

The accumulation of K* in the C.S.F. followed a very different curve from that 
found for Na*. There was a very rapid increase in the concentration of K* in the 
C.S.F. in the first ten minutes after injection. In from ten to twenty minutes 
the average concentration of K* passed through a maximum and then dropped 
off, paralleling the course of the curve for K* in the plasma. The first part of the 
C.S.F. curve indicates that the rate of permeation of potassium from blood to 
C.S.F. is relatively rapid. The composition of the C.S.F. probably lags behind 
in following the first very rapid fall in the concentration of potassium in the 
plasma. This may be responsible for the maximum observed in the curve of the 
K* in the C.S.F. 

Whereas the injection of isotonic solutions of Na*Cl caused little increase in the 
concentration of sodium in the plasma, the injection of equivalent quantities of 
isotonic K*Cl produces a considerable increase in the concentration of potassium 
on account of the normally lower level of the concentration of potassium in the 
plasma. This rapidly drops down to normal. 

With the amounts injected in these experiments (from 7 to 30 ml.) the increase 
in concentration if the solutions were distributed through the blood plasma 
would be between 1 and 5 mM and between 0.2 and 0.8 mM if distributed 
throughout the extracellular fluid. The concentration of sodium in blood 
plasma or extracellular fluid is about 135 mM; that of potassium is about 5 mM. 
It is therefore evident from this that, whereas the injected material only slightly 
increased the concentration of sodium in the blood plasma, it produced increases 
of from 20 to 100 per cent in the concentration of potassium. The enhanced con- 
centration gradient caused by the increase in the concentration of potassium in 
the plasma, although it is only transitory, probably has a marked effect on the 
initial rate of permeation of K* into the C.S.F. 

This increase in the concentration of potassium in the plasma persists for only 
a short period since it is very quickly taken up by the extracellular fluid and then 
by the cells themselves. Even when the concentration of K* in the plasma is 
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80 units per ml, the volume of distribution of potassium is about 45 per cent 
which is nearly double the extracellular fluid space calculated from the dist: 
tion of the stabilized Na* concentration. When the level of K* in th 
plasma is stabilized, the tissues have taken up a large proportion of 1! 
jected K*. 

The fraction of the injected K* which remains in the blood and extracel! 
fluid becomes very small, and the concentration of K* in the tissues attains a level 
many times greater than that of the plasma. This is aptly illustrated by 
was obtained from the animal at various times, in this instance 30, 95 and 140 
minutes after the start of the experiment. The dog weighed 30 kgm. The con 
centrations of K* in the blood plasma were 15 units per ml. at 30 minutes, 9.6 
units at 95 minutes and 11.6 units at 140 minutes. The concentrations of K* 
in the muscle were 22 units per gram at 30 minutes, 33.5 units at 95 minutes and 
42.5 units at 140 minutes. Muscle contains about 20 per cent extracell 
fluid. Consequently the figures given above must be increased by about 20 pe: 
cent to obtain the intracellular concentration. Assuming the total amount of 
extracellular fluid, including plasma, to represent about 25 per cent of the bod 
mass and the concentration of K* to be the same in interstitial fluid and in the 
blood plasma, it may be calculated that the 7,500 ml. of extracellular fluid of the 
dog weighing 30 kgm. contained 7.5 per cent of the injected K*. The remaining 
92.5 per cent must have had an intracellular distribution. If the distribution 
were uniform throughout the rest of the body, approximately 40 units of K* 
per gram of cellular body tissue would be found. Furthermore, since bone 
contains but little potassium, a higher concentration of K* would be expected in 
the soft tissues than is obtained on the assumption of an equal concentration 
after subtracting the mass of the body in the form of extracellular fluid. Th: 
calculation given above supports the deduction that a small fraction of the 
potassium administered is retained in the extracellular constituents and that 
the major portion is exchanged with the potassium of the cellular constituents. 

Rubidium. A study of rubidium from the standpoint of its ability to penetrate 
the blood-C.S.F. barrier is of interest because, of all the alkali elements, it most 
closely parallels potassium in its physiological behavior. Inasmuch as the half 
life of radioactive rubidium (18 days) is considerably longer than that of K®, 
information may be obtained at a later date with radioactive rubidium than is 
possible with radioactive potassium. Such information should be of value in 
estimating the physiological behavior of potassium because of the parallelism in 
the physiological behavior of the two ions. 

The radioactive rubidium employed was Rb*™: *§ obtained by bombardment of 
rubidium chloride with neutrons. After a preliminary trial, two successful ex- 
periments were carried out on two dogs, one weighing 26, the other 28 kgm. 
Fifteen milliliters of isotonic Rb*Cl] (2 per cent) was administered to the first and 
10 ml. to the second animal. In each instance the radioactive value was about 
300 microcuries. The result of these two experiments are plotted in figure 3. 

The curves for the elimination of Rb* from the blood plasma and for its ac- 
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cumulation in the C.S.F. closely resemble those of potassium. There was a 
similar rapid initial drop followed by a slow but continuous reduction in the con- 
centration of Rb* in the plasma. As in the case of K*, the rate of lowering of the 
Rb* concentration in the plasma becomes quite small after the rapid initial drop. 
The larger part of the rubidium was soon removed from the extracellular fluid and, 
like potassium, it must be taken up by the soft tissues of the body, probably by 
exchange with potassium. 

Calculation of the volume of distribution of the Rb* showed that it quickly 
surpassed the volume of extracellular fluid in the body and that the apparent 
volume increased throughout almost the entire duration of the experiment. 
From this, one may conclude that the rate of penetration into the cells is a 
relatively slow process and that a steady state is not quickly reached. 

The curve of the accumulation of Rb* in C.S.F. is much like that for K*. 
The concentration of Rb* in the C.S.F. reached a maximum in about half an 


MILLILITER] 


P32 [UNITS PER 


3 


[HOURS] 


50 100 


TIME [MINUTES] 


TIME [MINUTES} 
Fig. 3 Fig. 4 
Fig. 3. The rate of disappearance of labeled rubidium from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 
Fig. 4. The rate of disappearance of labeled phosphate from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 


hour and then decreased gradually. The maximum level of concentration at- 
tained by Rb*, however, was only about half as high as that found for K*. 

The behavior of Rb* was similar to that of K* in one other respect, namely, 
that the rate of urinary excretion of both these elements in the amounts ad- 
ministered was nearly linear and amounted to 1 to 2 per cent of the administered 
dose per day. 

The experiments show that Rb* does not penetrate the barrier between the 
blood and C.S.F. as readily as does K*. The concentration of Rb* in the C.S.F. 
was at all times lower than the corresponding concentration of K* in the C.S.F., 
and the ratios between the Rb* in the plasma and that in the C.S.F. were some- 
what less than those of K*. 
rubidium ion. 


This may be due to the larger ionic diameter of the 
On the other hand, it may be the result of differences in the 
properties of potassium and rubidium salts of physiologically important com- 
Such an explanation has been offered for the difference in 


pounds, e.g., lipids. 
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ions of the alkali elements. 
Plurivalent ions. The valency of an ion is one of the factors which affects its 


permeability. Plurivalent ions of biological importance are the phosphates and 
the ions of the alkali earth elements. In the course of this investigation expe 
ments were carried out with phosphate and strontium ions. 

Phosphate. The data obtained by the use of phosphate are plotted in figure 
4, Six experiments were carried out with phosphate labeled with P®. The usual 
dose of phosphate injected contained 40 mgm. of P* in a volume of 10 ml. with a 
radioactive value of from 200 to 500 microcuries. While this dose is small, it is 
sufficient to double the concentration of P in the blood plasma. The first sam- 
pling periods showed a comparatively high content of P* in the blood plasma (280 
units perml.). This indicates that the phosphate is taken out of the plasma more 
slowly than is potassium. The concentration of labeled phosphate in the plasma 
drops off continuously, very steeply in the first hour and then more slowly. 
There is almost no tendency for it to reach a plateau level such as is found wit! 
the alkali elements. 

Two factors which do not operate in the case of potassium may be offered in 
explanation of this. One is that while phosphate is chiefly an intracellular con 
stituent like potassium, it differs from potassium in not continuing to exist as the 
inorganic ion but instead is mainly converted into phosphate esters of various 
organic compounds. By this process the concentration of phosphate ion i- 
maintained at a low level and the tendency of the phosphate to leave the plasma 
and enter the tissues is maintained longer. The second factor is that bone finally, 
becomes the chief site for the storage of administered phosphate and the skeleton 
forms a great reservoir for the accumulation and exchange between the labeled 
and unlabeled forms of phosphate. As is the case with potassium, the bulk of 
the administered P* is soon removed from the blood plasma and extracellular 
fluid but the rate of removal is considerably slower than that found for K*. 

The curve for the appearance of labeled phosphate in the C.S.F. shows a slower 
rate of increase than was found in the case of potassium, but, like the potassium, 
the concentration of labeled phosphate passes through a maximum. The average 
time at which this appears is much later for phosphate. In the case of P* the 
maximum usually appeared in about one hour; in some experiments it took from 
2 to 2.5 hours to reach the maximum. 

After 24 hours, the concentration of P* in the C.S.F. dropped to less than one 
unit per ml. These low values were, of course, difficult to estimate accurately, 
and the readings of these periods are subject to great errors. 

There is also a great individual variation to the permeation of phosphate. 
Figure 4 shows that, while the points fall very nearly on the same curve for the 
decrease of P* in the plasma in the first four hours after injection of equivalent 
doses into the blood stream, the concentration of P* in the C.S.F. may vary from 
4 to 16 units per ml. at the time when the P* in the C.S.F. reaches the peak of its 
concentration. 


permeability between sodium and potassium. In the present state ot knowledg: 
no acceptable explanation can be offered for the physiological differences bet weer 
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Strontium. Information on the permeability of the blood-C.S.F. barrier to the 
alkali earth cations which are constituents of the C.S.F., namely, calcium and 
magnesium, would be very valuable in a comprehensive study of the properties 
of this barrier. Unfortunately, no radioactive isotopes of these elements suitable 
for such an investigation are now available. There is available, however, a very 
strongly radioactive isotope of strontium (Sr%*) with a long half life (55 days) 
which is ideal for tracer studies. Since the accumulated information indicates 
that the physiological behavior of strontium in tracer doses parallels that of 
calcium (16), experiments were undertaken with strontium ions in order to secure 
information from which deductions could be made as to the probable ability of 
calcium to permeate the barrier. 

Sr°? was obtained by bombardment of metallic strontium and was admin- 
istered as a solution of strontium lactate. The dose varied between 250 and 500 
mgm. of the salt per animal. The curves of the results of three experiments are 
plotted in figure 5. The curve for the disappearance of strontium from the blood 
plasma shows that the concentration tended to reach a constant level at about 
100 minutes after the injection. Subsequently the concentration of Sr* in the 
plasma dropped off slowly, as shown by specimens taken at intervals of several 
days. After nine days, the concentration was reduced to between 2 and 3 
units per ml. of plasma. 

This continuous reduction in the concentration of the Sr* in the plasma is 
partly to be accounted for by the removal of strontium from the extracellular 
fluid by the skeleton and partly by excretion. Specimens of urine and feces were 
collected for periods of nine days following the administration of the strontium 
salt. The amount excreted in the urine was considerable in the first four days 
(an average of about 20 per cent), but very little appeared in the urine thereafter. 
Fecal excretion occurred at a slower but more continuous and nearly linear rate; 
at four days the average fecal excretion was about 10 per cent and at nine days 22 
per cent of the administered dose. At four days the total excretion amounted to 
about 30 per cent and at nine days, 40 per cent of the administered dose of Sr*. 

If strontium were uniformly distributed throughout the body, the decrease in 
the concentration of the plasma Sr* should be proportional to the amount ex- 
creted. Actually, a much greater reduction occurred in the concentration of 
plasma than can be accounted for by the excretion. After nine days, the Sr* 
in the plasma was reduced to about 2 per cent of the concentration at 100 min- 
utes. If excretion was the only factor, the concentration would hardly have 
been halved. Consequently, there must be a slow removal of Sr* from the cir- 
culating body fluid other than that occurring by excretion. This is explained by 
the fact, as already mentioned, that Sr* is in large part removed from the circu- 
lation by the skeleton. In adult animals such as were used in these experiments, 
the uptake of strontium by the bone is probably brought about by an exchange 
with calcium ions. 

Calculation of the volume of distribution of Sr* in the body, assuming it is 
uniformly distributed at a concentration equal to that in the blood plasma, 
vielded values of between 35 and 50 per cent of the body mass during the plateau 
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period. This indicates that at first there is a rapid distribution of the 

Sr* throughout the extracellular fluids of the body. This is followed by a =! 

removal of the Sr* by the body tissues and in particular the skeletal =vsten 
The curve for the accumulation of Sr* in the C.S.F. shows that the 

of concentration was reached in about one hour. Followin 


very slow but continuous drop in concentration which paralleled the 


that occurred in the plasma Sr*. The concentration of Sr* in the C.S.] 
remained below that of the plasma. 

The results obtained with strontium give a clue to the expected beh 
calcium with respect to the C.S.F. While a radioactive calcium 


half life (180 davs) is available, the extreme softness of its radiations 
minute amount taken up by the brain makes it unsuitable for study ot the 
meability of the blood-C.S.F. barrier. The physiological behavior of stronti 


resembles that of calcium. Reasoning by analogy, it appears hkelv that the 
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Fig. 5. The rate of disappearance of labeled strontium from the blood plasma 
rate of its accumulation in freshly formed C.S.F. 

Fig. 6. The rate of disappearance of labeled bromine from the blood plasma and thy 
of its accumulation in freshly formed C.S.F 


curves for the elimination of calcium from the blood plasma and its accumulation 
in the C.S.F. would closely resemble those obtained with Sr*. The rate of dis 
appearance of calcium from the blood stream would probably be somewhat more 
rapid because calcium is taken up more completely by the skeleton (16) than is 
strontium. The rate of accumulation of calcium in the C.S.F. would also perhaps 
be somewhat faster. 

The halides. Chloride is one of the major ionic constituents ot the C.S.F. 
Unfortunately, the short half life of the best-known radioactive isotope of chlo- 
rine (Cl, half life = 37 minutes), makes the use of this ion impractical in trace: 
studies on the permeability of the barrier between the blood and the C.S8.F. On 
the other hand, radioactive isotopes of bromine (Br®, half life = 34 hours) and 
iodine (I'*!, half life = 8 days), are available, which are quite suitable for tracer 
studies. The permeability of the blood-C.S.F. barrier to bromide and iodide 
accordingly was investigated with these labeled iops. 
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Bromide has never been established as being an essential constituent of the 
body (17), and the amount of iodide that is present in the circulation is extremely 
minute. The permeability of bromide and, to a lesser extent, of iodide has been 
extensively investigated by ordinary chemical methods. This has necessitated 
the administration of fairly large doses of the salts of these ions and in amounts far 
in excess of those normally present. 

It is readily possible to obtain radioactive bromine and iodine of extremely high 
specific radioactivity, which makes it feasible to study the partition of these ions 
in concentrations that are within the range of those usually found in the body 
and in concentrations very greatly below those it is possible to estimate by or- 
dinary chemical methods. The present study was undertaken in order to 
determine whether the use of minute doses of the halides would alter in any 
particular the findings that have been obtained with massive doses. 

The partition of bromide and iodide in the body by means of chemical methods 
of analysis has been the subject of recent investigation by a number of authors 
(18-20). Except in the central nervous system, these halides were found to pass 
rapidly into the extracellular fluid of the body and to parallel chloride in their 
distribution and partition. The rate of passage of bromide and_ iodide 
from the circulating blood plasma into the C.S.F. was found to be slow and the 
concentration of these ions in the C.S.F, never reached the heights found in the 
blood plasma. Mason (18) observed that the concentrations of bromide in the 
C.S.F. were considerably lower than in the plasma many days after the last 
ingestion of bromide in human subjects suffering from bromide intoxication. 
Following the intravenous administration of a single dose of bromide, Wallace 
and Brodie (20) found that the ratio of bromide in the C.S.F. to that in the 
plasma tended to persist at the value of 83 per cent for from 24 hours to 13 days. 
The rate of passage of iodide into the C.S.F. and the accumulation in the C.S.F. 
were observed to be considerably below corresponding values for bromide. No 
evidence of a constant ratio of concentration between C.S.F. and plasma was 
found by Wallace and Brodie for iodide. These authors obtained evidence that a 
certain minimum concentration of iodide must be attained in the plasma before it 
passes into the C.S.F. 

Bromide. For the present experiments the radioactive isotope Br® was pre- 
pared by bombarding bromobenzene containing a small portion of aniline accord- 
ing to the method of Lu and Sugden (21). The Br which was formed was 
extracted with water, converted to bromide and finally prepared for administra- 
tion in an isotonic sodium chloride solution. Consequently, the bromide ad- 
ministered consisted of the Br® liberated by the bombardment and the bromide 
impurity in the sodium chloride. 

The results of three experiments carried out with Br* are plotted in figure 6. 
The plasma and C.S.F. curves of bromide closely resemble the ones found for 
sodium. The blood plasma Br* concentration in the first sample was about 300 
units per ml. The plasma concentration then dropped off until it reached the 
value of about 175 units in about one and one-half hours. This level persisted 


with little further reduction for a very long time. The prolonged plateau level 
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of Br* concentration found in the blood plasma is evidence that a complet 
tribution of bromide in the body is reached within a period of one or two ho 
The short time required to reach a steady state and the prolonged penod 
constant concentration in the plasma is evidence for the view that the dist 
tion of bromide, like that of chloride, is essentially extracellular. Cale 
the distribution of the Br* in the body vielded values of between 22 an 
cent of the mass of the body. The elimination of Br* from the blood plasma 

its distribution in the body closely parallels that found for sodium with N 

The concentration of Br* in the C.S.F. increased as the plasma concentration 
dropped and it gradually approached but never equalled the plasma concent: 
tion. A plateau level of Br* concentration in the C.S.F. was attained in 
two hours. 

Iodide. The isotope, I'*', used in the iodine experiments was prepared by bor 
bardment of tellurtum as described by Hamilton and Soley (22). The iodine 
prepared in this manner contains a high concentration of the radioactive isotope, 
which makes it possible in spite of extremely minute doses to follow accurately 
the iodine and to determine its fate by the radioactive technique. 

The curves for the disappearance of I* from the blood plasma and its appear- 
ance in the C.S.F. are plotted in figure 7. The figure shows that the curve for the 
elimination of iodide from the blood plasma is very different from that found for 
bromide. There was a continuous decrease in the concentration of plasma I* 
with no definite evidence of its attaining a plateau level. In this respect the 
iodide paralleled the behavior of phosphate. It seems probable that the I* 
progressively disappears from the circulation because in the doses used it is being 
continuously taken up by the thyroid gland, as has been shown by, among others, 
Hamilton and Soley (22). 

The rate of increase in the concentration of the I* in C.S.F. was found to be 
highly variable. On the average, as is shown in figure 7, the concentration in the 
C.S.F. reached a constant level in from one to two hours. The accumulation ot 
iodide by C.S.F. was much below that of bromide. 

C.S.F. to plasma ratios. The curves of the ratios of the concentrations of the 
labeled ions in the C.S.F. to the concentrations in the plasma are plotted in figure 
8. The curves represent the averaged values of the ratios for each individual! 
experiment. The values are expressed in per cent. Figure 8 shows that the 
rapidity of the initial rate of increase in the ratios follows the order, potassium > 
sodium > bromide > rubidium > strontium > phosphate > iodide. 

Values equal to the normal range of the C.S.F. to plasma ratios found by 
chemical analysis are reached only very slowly. In the case of the alkali ele- 
ments, the average of the chemically determined concentration ratios are 105 for 
sodium and 65 for potassium. Curve / in figure 8 shows that the ratio for Na* 
is about 60 per cent at one hour and 80 per cent at two hours. Only after 20 
hours is the value of 110 reached, which is in the range of variation of the 
chemically determined ratio. 

The ratio of K* increases most rapidly of all at first, attaining a value of 50 
per cent in 30 minutes (curve 2). From then on it increases very slowly and a 
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period of 18 hours is required for it to reach 62 per cent, which is in accord with 
the ratio, found by chemical analysis. The Rb* ratios parallel, but always re- 
main somewhat lower than those of K*. This indicates, as has been found by 
other physiological tests, that although rubidium shows certain similarities to 
the potassium in biological properties, differences do exist and physiologically 
potassium is not altogether replaceable by rubidium (23). 

The ratio of P* attains a value of 15 per cent in the first hour, 23 per cent in 
two and one-half hours, and then apparently tends to fall off. The decrease may 
be fictitious because of the very low concentrations of P* remaining in the 
plasma in the later time intervals. Because of the low radioactive intensity, 
the probable errors of the measurements are greatly enhanced. 

The ratio of C.S.F. to plasma Sr* increased most rapidly during the first hour. 
While the concentration of Sr* in the C.S.F. reached a maximum in about one 
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Fig. 7. The rate of disappearance of labeled iodine from the blood plasma and the rate 
g t 
of its accumulation in freshly formed C.S.F. 
Fig. 8. Comparison of the curves showing changes in the average C.S.F. to plasma ratios 
with time. The numbers of the curves represent the following labeled ions. 1, sodium; 
2, potassium; 3, rubidium; 4, phosphate; 5, strontium; 6, bromide; 7, iodide. 


hour, the ratio of C.S.F. to plasma Sr* did not reach a maximum until after 24 
to48 hours. At the end of an hour the ratio was about 40 per cent ; from 24 hours 
on it remained about 50 per cent. The value of 50 per cent is of interest because 
this is the ratio of C.S.F. to serum calcium normally found by chemical anal- 
ysis. In this respect strontium closely mirrors calcium. 

Curve 6 of figure 8 shows that the ratios of Br* increase at about the same rate 
as the Na* ratios. The values of the ratios approach but do not reach a constant 
value in two hours. At two hours, the average ratio was 85 per cent, at two and 
one-half hours it was 87 per cent. These values are only a little higher than the 
ratios found by Wallace and Brodie (20) by chemical analysis. It may be con- 
cluded from these results that the rate of penetration and partition of bromide 
between blood and C.S.F. is essentially the same for minute as for large doses. 

Of the ions studied, iodide was the least permeable to the blood-C.S.F. barrier. 
The maximum ratio of concentration of I* between C.S.F. and plasma was only 
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12 per cent in these experiments (curve 7). This is less than one half of the 
maximum ratio observed by Brodie and Wallace upon the administration of 100 
m-eq. of Nal toa l5-kgm.dog. The partition of iodide bet ween blood and C.s.] 
is evidently affected to a considerable degree by the size of the administered dox 
An explanation for this very low accumulation of I* in the C.S.F. may be that 
while in the C.S.F. the iodine is present in a completely diffusible form, in the 
blood plasma a considerable proportion of the iodine is united to protein and is 
non-diffusible. Because of the minute amount administered in the present « 
periment, a large proportion is converted into the non-diffusible iodide. This 
would serve to explain the difference between the results obtained in these ex 
periments and those of Brodie and Wallace upon the administration of the 
massive dose of 100 m-eq. of sodium iodide. 

The present experiments demonstrate that the difficulty of permeation of the 
halides into the central nervous system increases in the order of bromide to iodide. 
This result is consistent with other studies that give the order of permeability as 
chloride > bromide > iodide. Although this corresponds to their order of ionic 
diameter, it seems quite likely that other factors, the nature of which is at present 
unknown, are also of great importance in determining the specific permeability 
of the halides into the central nervous system. 

Discussion. The most important aspect of the present study is the bearing 
it may have on the question of whether the C.S.F. is formed by passive diffusion 
or by active secretion. Extracellular fluid as exemplified by lymphatic or capil- 
lary transudates is probably formed by diffusion or simple ultrafiltration. The 
composition of the cellular elements, on the other hand, is probably maintained 
by secretory mechanisms. 

A comparatively rapid exchange of diffusible constituents and the attainment 
of a steady state which closely approximates a true thermodynamic equilibrium 
characterize biological diffusion as judged from experiments on extracellular 
fluid. Ion specificity apparently is an unimportant factor. 

On this basis the formation of C.S.F. must be a matter of secretion rather than 
of passive diffusion. The experiments reported here show that the rate of ac- 
cumulation in the C.S.F. of the injected labeled ions is selective and is a com- 
paratively slow process. The rate of accumulation in the extracellular fluid is 
at least ten times more rapid. When a steady state with respect to concentration 
is reached, the ratios of the labeled ions between C.S.F. and plasma indicate that 
a thermodynamic equilibrium has not been attained. 

Following the lapse of a considerable length of time the ratios of the labeled 
ions between C.S.F. and plasma reach values equivalent to those obtained by 
chemical analysis. Most of the chemical analyses have been carried out on spinal 
fluid obtained by lumbar puncture. It may be objected that this differs in 
composition from freshly formed C.S.F., due to exchange of solutes in the course 
of the sluggish circulation of the C.S.F. The C.S.F. obtained in this work 
represents material that was as freshly formed as it was possible to obtain. The 
cisternal puncture and precaution of draining off the C.S.F. before starting the 
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test greatly reduced the reabsorption of the newly-formed C.S.F. 
stituents. 


and its con- 
It seems reasonable, then, that the chemical composition of normal C.S.F. is 
representative of a steady state. This steady state, however, obviously is not a 
thermodynamic equilibrium. The attempts to explain away the unusual com- 
position of the C.S.F. by assuming unique effects on the activities of the con- 
stituent ions are not convincing, because, if such assumptions were true, these 
unique effects on the activities should be manifest in capillary ultrafiltrates. 

The endothelium elements in the capillaries apparently act approximately as 
membranes impermeable only to certain colloids (mainly protein). Cellular 
structures more complex than this, such as are presumably concerned with the 
elaboration of the C.S.F., have an active secretory function. According to the 
classical theory of the formation of C.S.F., the choroid plexuses are the chief 
secreting elements; according to that offered by Wallace and Brodie the secretion 
takes place at continuations of the glial membranes of the pia, which surround the 
precapillary blood vessels of the brain. 

The view that the more complex the cellular structure, the slower is the ex- 
change of dissolved materials, is supported by the recent observations of Flexner 
and Pohl (24) on the transfer of radioactive sodium across the placenta. 
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SUMMARY 


1. The permeability of the barrier between blood and cerebrospinal fluid to ions 
has been studied by means of tracer experiments with their induced radioactve 
isotopes. The investigated ions were sodium, potassium, phosphate and iodide 
which are normally present in the body and rubidium, strontium, and bromide 
which are foreign to the body. Determinations were made of the rates of disap- 
pearance of the intravenously injected ions from the circulating blood plasma, 
and the rates of their accumulation in freshly formed C.S.F. 

2. Similar curves were obtained for the disappearance of all the injected ions 
from the blood plasma. The rapidity of the disappearance of the ions from the 


blood plasma decreased in the order potassium = rubidium > phosphate > 
iodide > sodium = bromide > strontium. The levels of labeled sodium, 


bromide and strontium tended to plateau after about one hour. Calculations 
from the plateau concentrations gave results which indicated that the injected 
labeled sodium and bromide became exclusively and uniformly distributed 
throughout the extracellular fluids of the body. The curve of the disappearance 
of strontium from the blood plasma indicated that it was first rapidly distributed 
in the extracellular fluids of the body and then slowly taken up by the body 
tissues, particularly the skeletal system. Potassium and rubidium showed 
less of a tendency, and phosphate and iodide no tendency to reach a plateau 
concentration. After about one hour, only about 5 per cent of the injected 
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labeled-potassium and rubidium was present in extracellular fluids and the 
remainder, less the amount excreted, accumulated in the intracellular phase 
the soft tissues of the body at a concentration about ten times greater than in the 
plasma. The bulk of the labeled-phosphate was taken up by the mineral! matter 
of the bone and by the intracellular phase of the soft tissues where it was con- 
verted into various organic esters. The labeled-iodide was probably main; 
taken out from the blood stream by the thyroid tissue. 

3. The rate of increase in concentration of the labeled-ions in the C.S.I 
followed the order potassium > sodium > bromide > rubidium > strontium 
> phosphate > iodide. The C.S.F. concentration curves of potassium, rubid- 
ium, and phosphate exhibited pronounced maxima at about 20, 30 and 60 min- 
utes respectively. Strontium exhibited a less pronounced maximum and sodium 
no maximum in the C.S8.F. concentration curve. 

4. The ratios of the C.S.F. to plasma concentrations of the labeled ions slow]: 
approached the values found by chemical analvsis. Many hours were required 
to reach values equivalent to the chemically determined ratios. The delay was 
selective, and varied greatly for the different ions. 

5. The C.S.F. to plasma concentration raiios were always lower for rubidium 
than for potassium, indicating that the blood-C.S.F. barrier is less permeable to 
rubidium than to potassium. From the close physiological relationship of stron- 
tium to calcium it was deduced that calcium would have about the same degree 
of permeability to the blood-C.S.F. barrier as strontium. The permeability otf 
the barrier to the halides probably decreases in the order chloride, bromide and 
iodide. 

6. The hindrance to the free passage of ions from the blood stream to the ex- 
tracellular fluid of the central nervous svstem and the deviation from the Donnan 
law of distribution of the steady ratios of the concentrations of these ions bet ween 
the C.S.F. and the plasma constitute evidence that the exchange between the 
blood and brain takes place by a process of secretion and not by simple diffusion 
or ultrafiltration. 
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The use of ervstalloid solutions as blood volume augmentors in the treatment 
of shock has been extensively reviewed (1). Generally, they have been found 


to be less effective than whole blood, plasma, or serum when used in the late 
stages of shock after capillary permeability has been altered (2). Under s 


conditions, the crystalloids rapidly escape from the blood stream carrying plasma 
proteins with them (2, 3, 4), thus actually being harmful by lessening the effect 
of the plasma proteins on the osmotic pressure of the blood, and possibly also 
by decreasing the quantity of these proteins available for body tissue need 
Nevertheless, it has been claimed that crystalloid solutions are beneficial, it 
administered before capillary permeability has been changed, in combating 
dehydration so as to prevent shock (2,5). The two ervstalloids most commot 


emploved are sodium chloride and glucose, either alone or in combination 


i 


The venous occlusion method for the production of shock (6, 7, 8, 9) readily 
lends itself for the testing of the efficacy of the timely administration of glucose 


and saline solutions, since the course in untreated animals is consistent and 
uniform, As has previously been reported untreated dogs become listless, 
develop hemoconcentration, a fall in blood pressure, tachycardia, tachypnea 
and die in from 3 to 21 hours (6,7). Any form of therapy preventing this chain 
of events can be considered to be effective. Furthermore, this method is par- 
ticularly favorable to test the early use of such crystalloid solutions since it is 
evident that the development, progression and final irreversibility of shock thus 
produced is dependent upon the early loss of protein-free fluids from the blood, 
even though proteins and whole blood subsequently escape into the occluded 
limb. If this escape of fluid is decreased by the application of a rigid cast to the 
occluded limb, shock does not develop (8). It therefore appears that the fatal 
course could be avoided if the fluid loss could be replaced and the circulating 
blood volume maintained. In this report we wish to present our experience 
with the timely use of isotonic solutions of salind and of glucose. 

ProcepureE. In this study the operative procedure employed to produce 
shock was identical to that previously reported (6, 7, 8,9). Under ether anes- 
thesia the common and internal iliac veins of one hind-limb were ligated asepti- 
cally, and 10-15 cc. of a 1:10 suspension of lampblack* in saline was injected 


1 Aided by the A. D. Nast Fund for Cardiovascular Research. 

2 This research was carried out under the auspices of the Shock Research Committee of 
Michael Reese Hospital and was supported by the Michael Reese Research Foundation. 

3 The particles were 55 to 60 uw in size. 
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under pressure into the veins below the ligation. For later injection of fluids, 
a cannula closed with a trocar was tied into the brachial vein of one forelimb. 
The animal was then permitted to come out of the anesthesia, and observations 
were made of its condition as in the preceding studies (6, 7, 8, 9); these included 
changes in heart rate, blood pressure, hematocrit, and in the circumference of 
the occluded limb. In the animals not surviving, and in those sacrificed at a 
later time, the weight of the edematous limb was compared with that of the 
contralateral one in the manner previously described (6). 

The isotonic solutions employed were NaC! in triple distilled water and glucose 
in distilled water. These solutions were injected at various postoperative 
intervals. The saline solution was injected intravenously in amounts of from 
300 to 2500 ce. (ef. table 1). The injections were begun } to 2 hours after 
operation and repeated every | to 3 hours except for the last injection which, 
on several occasions, was given after a lapse of as long as 7 hours, and in 3 
instances was subcutaneous. The amount of each injection varied from 100 to 
300 ec. (except in dog 1 in which 600 ce. injections were given twice). The 
quantities of glucose given were of the same order as of saline although the 
variation in amount administered was less. The actual quantity varied from 
400 to 800 ee. given intravenously, starting } hour after operation and repeated 
every | to 3 hours, with the last dose delaved sometimes for as long as 6 hours 
(ef. table 2). The amount of each injection ranged from 150 to 250 ec. 

Resuits. The pertinent data are summarized in tables 1 and 2 for the 
isotonic saline and the isotonic glucose experiments respectively. 

It will be seen from table | that saline not only prevented the occurrence of 
death in all 12 dogs in which it was used, but also prevented the marked blood 
pressure decrease and hemoconcentration observed in the untreated animals 
(6,7). Its effect occurred despite a 20 to 60 per cent enlargement of the cireum- 
ference of the occluded limb in the first 12 hours, and despite an increase in leg 
weight (2.8 to 4.7 per cent of body weight) in the four animals sacrificed on the 
third to sixth post-operative day. These increases in leg circumference and 
weight were in the range seen in untreated dogs (6, 7), indicating that the local 
loss of fluid was,not increased by administration of saline solution. 

It will be seen from table 2 that isotonic glucose in distilled water was defi- 
nitely beneficial. The mortality in the first 20 hours was 42 per cent (5 out of 
12) in the animals receiving glucose, as compared with a mortality of 90 per cent 
in untreated dogs to date (49 out of 21). However, the results with glucose were 
not as satisfactory as with isotonic saline, in which the mortality in the first 24 
hours was 0 per cent. The increase in leg circumference in the first 12 hours was 
of the same order in the glucose treated dogs (11 per cent to 68 per cent) as in 
the dogs receiving isotonic saline. The increase in leg weight of the dogs receiv- 
ing glucose which survived and were later sacrificed was also of the same order 
(1.7 per cent to 6.3 per cent of body weight) as in the dogs receiving isotonic 
saline. As expected, the animals which died within 20 hours showed a greater 
increase in leg weight (3.3 per cent to 8.2 per cent of body weight), but this was 


4 Generously furnished by the Abbott Laboratories. 
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TABLE 1 
Effect of isotonic saline solution on the course of events 
hind-limb of the dog 


ISOTONIC SALINE IN- 
JECTED INTRAVENOUSLY 


FATE OF 


ANIMAL IN IN 
poG IN 1ST G FP LE 
WEIGHT Time Gann: Total 36 HOURS AS PER CENT OF 
post- POST-OPER- BODY WEIGBT 
opera tity in- injec ATIVEL\ 
pera | jected tion — 
tively 
kem hrs. ce cc 
1 19.9 1 150 2500 Survived 
| | 2 250 
34 | 600 
5} | 600 | 
} 7 300 | 
| | 300 
300 
2 10.9 2 300 «1200 Survived 
| 3 300 ‘(150)* 
| 5 300 | 
| | 
| 10 150* | 
3 M1 l 100 900 Survived 
2 200 =| (200)* 
|} 4 | 200 
} 6 | 20 | 
| 
4 5.6 1 150 300 Survived 
2 150 
5 9.1 1 150 350 Survived 
4 100 
7 100 
6 11.4 3 200 600 Survived 
3 |} 150 100)* 
| 
| 5 | 150 
12 100* 
7 10 ; 200 1065 Survived 3.9 
34 365 on 6th day post 
5 500 operatively 
8 11.8 ; 200 800 Survived 2.8 
34 300 on 3d day post- 
54 300 operatively 
9 11.7 4 250 900 Survived 4.7 
3 300 on 3d day post- 
4 200 operatively 
150 
10 7.2 4 250 700 Survived 
3 | 250 
11 7.9 } 250 700 Survived 
3 
| § 
12 8.1 ; 250 700 Survived 3.9 
j 34 200 on 3d day post 
| 54 150 operatively 
7 100 


* Subcutaneously. 
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MAXIMUM 
INCREAS F 
TH! 
UMFEREN 
ER 
VAL 
ST 12 
per cent 
45 increase 
43 
ler rar 
sigh 
crease 
60 No we 
61 No ari ge 
56 Sight if 
crease 
32 No change 
27 Slight le 
crease 
20 N hange 
31 No change 
44 Slight in 
crease 
47 Slhaht de 


crease 


rise 


Slig 
ange 
Slig ir 
N hang 
Slight rise 
Slight rise 
N 
\ change 
Slight rise 
\ 
ange 
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TABLE 2 


of tsotonie dextrose solution (made up in distilled water) on the course of event: 


following venous veclusion of the hind-limb of the dog 


ISOTONI 
INJECTED INTRA 
VENOUSLY 


i Quan-| 
Time | Quen’! Total 
post- | tty | injec 
opera- ti 
tively | jected . 
“yr cc 

200 SOU 

} 200 

5 200 

11 200 

4 150 650 

150 

6 150 

10 200 

} 150 750 

4 150 

7 150 

8 150 
14 150 

3 200 400 

5 200 

200 500 

2 150 

4} 150 

200 650 

2 150 

4} 150 

94 150 

200 500 

3 150 

7 150 

‘ 

250 800 

250 

6 150 

7 150 

4 250 700 

3 250 

4} 200 

} 250 700 

2 250 

5 200 

250 750 

2 25 

4 250 

} 260 690 
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DEXTROSE 


FATE OF ANIMAL 
IN IST 36 HOURS 
POST-OPERA 
TIVELY 


Survived 


Died in 13 hour 
in shock? 


Survived 


Survived 


Died in 10 hours 


in shock 


Survived 


Survived 


Died within 20 


hours in shock 


Survived 


Survived 


Died within 20 


hours in shock 


Died within 20 
hours in shock 


INCREAS} 


IN WEIGHT 
OF LEG AS PER CENT 
OF BODY WEIGHT 


MAXIMUM 


INCREASE 


OF THIGH 


crease 


CIRCUM CHANGES CHANGES 
FERENCE IN HEMA- IN BLOOD 
OVER TOCRIT PRESSURE 
In CONTROL | POST-OPER- | POST-OPER- 
ani , VALUE ATIVELY ATIVELY 
that ist 12 
died HOURS 
per cent 
6.3 40 Increase Drop 
on 3d post 
operative 
day 
8.0 37 Slight in- Rise ther 
crease drop 
2.9 38 Increase No change 
on 4th post- 
operative 
day 
1.7 20 Slight in- Slight rise 
(on 9th post- crease 
operative 
day 
3.6 30 Increase Drop 
3.9 23 Increase Slight 
on Ilth post drop 
operative 
day 
68 Increase Drop 
8.2 25 Increase Drop 
3.9 11 Slight in- | Slight 
on 3d post crease drop 
operative 
day) 
61 Slight in- | No change 
crease 
6.3 21 No change! Drop 
3.3 ll Slight de- Drop 


| 
NO 
Rem 
10 
3 8.6 
4 10 
5 11.4 
6 12.3 
7 10.5 
8 7.2 
10 
9 
5} 180 
68 
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in the same range as in the untreated dogs which died in th 
per cent to 6.9 per cent ol body weight (6,7 ihe -+ dogs suce 
died at the longer time interval found in untreated animals, 
that while the glucose solution did not prevent the postoperat 
in these dogs, it probably retarded it. 
In addition to the occurrence of early fatalities, the dogs receiving glucos 
solution had a greater trend towards hemoconcentration and hypotension thar 
did the dogs receiving saline solution, suggesting that even in those animals which 


survived, the glucose solution was not as effective as saline in preventing the 


early stages of shock. The difference in effect between saline and glucose doe 
not appear to depend upon the manner or quantity of fluid administration. 

Discussion. Several facts stand out from this study. 

1. Replacement of fluid loss by isotonic crystalloid solutions is effective 
this type of shock when begun before capillary permeability is definitely 
The results support the deductions previously arrived at (6, 7, 8, 9) that 
venous occlusion method of producing shock initiates the fatal chain of eve 
by loss of fluids from the blood into the oecluded limb. Our experience sho 
that isotonic solutions of crystalloids have no demonstrable effect on the esc: 
of fluid from the blood when administered early, if the failure to obtain a 1 
rapid enlargement of the limb with occluded veins is a good criterion 

2. Even under the most opportune circumstances, as in our experiments, sim 
ple fluid replacement by isotonic crystalloid solution does not always prevent 
the development of the earlier stages of shock, and may not prevent the furthe: 
progression, or avoid the irreversible stage of shock with fatal outcome. 

3. Saline solution administered early is more effective than glucose solution 
as a preventive of shock and its progression. 

4. The beneficial effect of saline solution must depend upon an action by 
Na+, Cl—, or NaCl, independent of its restorative effect in replacing fluid lost 
from the blood. 

While we are in no position to explain the mode of beneficial action of NaCl, 
which is apparently in addition to fluid replacement, several possibilities suggest 
themselves. Its action may be by virtue of the Na ion which may operate in 
several ways: 

1. It has been shown that Na is a dilator of blood vessels (Roy, referred to in 
(10) (11)). Thus, it may lessen vasoconstriction which occurs as a concomitant 
of shock (12) and which is part of a vicious mechanism leading to the aggravation 
of tissue anoxia. 

2. By virtue of the inverse relationship between sodium and potassium levels, 
a high sodium level would tend to lower the high potassium concentration 
reported to occur in experimental shock (11) or at least counteract its deleterious 
effects. 

On the other hand, the chloride ion may lessen the acidemia which occurs in 
shock (ef. 1) by facilitating the production and excretion of NH; by the kidney 
in the form of the acid salt NH,Cl. It may lessen chloride depletion accompany- 
ing vomiting which occurs in these dogs when they drink water. It may also be 
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that Cl facilitates oxygen transfer to the tissues and defers the condition of 
impending tissue anoxia (13). 

It is also possible that several of these factors function in combination, and 
that the action is not due to either ion but to the NaCl molecule, e.g.: the possi- 
bility that NaCl lessons the tendency to dehydration by its water. retaining 
effect. It is well established that NaCl is one of the best means of augmenting 
the extracellular fluid compartment. of the body (14). This would avoid the 
deleterious effects of dehydration which in the venous occlusion experiments 
seems to play an important réle in leading to the development of shock. 

The action of NaCl in our experiments coincides with the effect of desoxycorti- 
costerone acetate (DCA). We have shown that DCA given in divided doses, 
of about 6 mgm. per kilo of body weight, starting 24 hours before the operation 
and continuing for the first 24 postoperative hours, also prevented the develop- 
ment of.irreversible shock in 73 per cent of the animals (8). Remington et al. 
(15) were unable to confirm this latter result but this may have been due to the 
fact that these investigators did not permit their dogs to have water, whereas 
our animals were allowed to drink at will. We observed that the dogs receiving 
DCA drank more freely than the untreated dogs, and did not vomit. Aside 
from maintaining high Na levels, the beneficial action of DCA could therefore 
have been due to the augmentation of the circulating blood volume and fluid 
reserves in a manner similar to that following infusion of isotonie NaCl. 

Our experience indicates clearly that glucose is not as efficacious a crystalloid 
as saline. Since the glucose commonly administered in shock is made with 
saline the benefit falsely accredited to glucose may have been due to saline. 
Even when plasma and whole blood are given, there is, in addition to the proteins 
and red blood cells, an isotonic crystalloid content including NaCl, which latter 
may play an important réle in the benefits of these blood volume replacers. 

The prevention of dehydration by fluid replacement is one of the more impor- 
tant factors of shock therapy. As is evident from our study, intravenous 
injections of isotonic saline serves this purpose well, especially in the early stages 
in which capillary impairment is relatively non-existent. It may be valuable 
in any form of dehydration, and in massive vein thrombosis which this experi- 
mental method imitates. The fact that the early administration of isotonic 
saline is of such striking benefit in massive venous occlusion to such an extent 
that it actually prevents the development of irreversible shock and death, leads 
us to suggest that its trial in other forms of shock should be attempted more 
extensively than recently has been customary. If our results with the venous 
oeclusion method are applicable to other forms of shock, and the recent studies 
of Rosenthal (16) (about which we learned when our studies were completed) 
show that isotonic saline is an effective agent in burn shock, it is suggested that 


in combat areas intravenous isotonic saline may be of value. Thus, when the 
supply of plasma or whole blood is limited, considerable benefit may be derived 
from the use of isotonic saline solutions in those injured individuals who cannot 
retain fluid by mouth, who are not greatly exsanguinated, and who are in the 
pre-shock or early shock stage. The limited supply of whole blood and plasma 
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available could thus be conserved for more urgent cases. It is not unlike 
that the widespread use of isotonic saline solutions shortly after injur 
actually lessen the need of plasma and other colloid solutions, since it ma 

the progress of the chain of events leading to shock. In those case- 

saline fails, recourse may still be had to plasma and whole blood (17 Emphas 
is laid upon this point in an attempt to counteract the contemporary trend 
indiscriminate utilization of plasma and whole blood and of concentrated | 

of plasma and colloid solutions. There is a definite rdle for isotonic saline » 
tion in conditions of dehydration and in states of injurv without exsanguinatior 
in which the total quantity of plasma protein is not markedly reduced. The 
chief provision in the use of isotonic saline solution is that it be used early eno 
then if it fails to be beneficial, whole blood, unconcentrated plasma or appropriat 
colloid solutions should be substituted. 


SUMMARY AND CONCLUSIONS 


1. The efficacy of isotonic sodium chloride and of glucose solution in prevention 
of the shock syndrome produced by venous occlusion of the hind limb was in 
vestigated. Sodium chloride was found to be of more beneficial therapeuti 
action than glucose, demonstrating that the simple addition of fluid per se 
not the sole important factor in preventing this type of shock. The possible 
beneficial mechanisms of action of sodium chloride are discussed 

2. Our results demonstrate that isotonic saline solution if administered before 
alteration of capillary permeability has taken place, has a definite place as a 
therapeutic agent in the treatment of this and possibly other kinds of shock 
Its early administration, when other types of blood volume augmentors are 
precious or not available, cannot be overemphasized. 
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Indications for the necessity of manganese in animal nutrition originally were 
presented in 1926 by McHargue (1) but the first real evidence of a requirement 
awaited the work of Kemmerer (2), who employed mice on a mineralized diet. 
Testicular degeneration, impaired estrous cycle, and decreased viability of the 
young have been reported in rats as early symptoms of a manganese deficiency 
(3); improved techniques have resulted in also demonstrating impaired growth 
(4, 5). Lameness in pigs (6), sterility in cows (7) and perosis in chicks (8) 
likewise have been traced to a lack of this element. 

Despite the evident needs for manganese, almost nothing is known of its réle 
in the body, and little has been published on its physiology. 

In the work done on chicks it was found (9, 10) that perotic chicks have lower 
blood and bone phosphatase activity than non-perotie chicks; in rats, liver argi- 
nase activity is considerably lowered in Mn-deficient animals (4, 5). Both 
aurginase and phosphatase as well as several intestinal peptidases (11, 12) are 
activated by manganese——but in all of these cases the effect is not specific. There 

' are several reports, also, on the réle of manganese in connection with certain of 
the vitamins (13-15), but no confirmation of these findings has been forthcoming. 

The problem of bone formation has presented itself in reference to the re- 
searches with chicks. Two cases of malformed bones also have been reported 
by Barnes et al. (16) as having oecurred in rats raised on a low-manganese milk 
ration. The type of malformation noted was unusual and they attached some 
significance to this fact, although bone studies by Boyer et al. (4) failed to pro- 
duce a similar picture on an obviously more deficient diet. 

Thus it appears that a great deal of investigation remains to be done in this 
field. ‘The very fact that growth is definitely impaired by a deficiency of manga- 
nese points towards some specific physiological role of this element in nutrition. 

In this paper analytical determinations on manganese-deficient animals were 
made for the purpose of arriving at gross biochemical changes, which then might 
be used to indicate the fundamental processes in which manganese is involved. 
Blood, bone, enzymatic, metabolic, and endocrinal studies were carried out, and 
the results and interpretations of these results are reported in detail. 

IXPERIMENTAL RESULTS. Growth. All animals used in this work were 
removed from breeding cages at two weeks of age, and placed with their mothers 
on the experimental ration until weaned one week later. This procedure pre- 
vented undue contamination of the young, and facilitated the production of a 
deficiency. 

Previous work with chicks (9) and the recent investigations of Shils and 
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MeCollum (5) indicate that high Ca and P ingestion produ 
Mn-deficiency symptoms. In our work the basal ration used, designated a- 
M-1, had a Ca/P ratio of 1.4; M-2 ration a Ca/P ratio of 0.85; M-3 rat 


ratio of Ca/P of 2.55. The ingredients of these rations are sum 

table 1. Purification consisted of reervstallizing the sucrose once from a 
per cent alcohol solution; use of reagent salts in all cases, with the Ca;(PO 
being further purified by reprecipitation and the iron salts being made by di- 
solving reagent iron wire in concentrated hydrochloric acid. The casei 


vitamin-free product called Labco casein. Control animals were supplement 
orally with 50y per day of manganese as the sulfate. The growth records 
ported in table 2 represent data obtained on these rations after a two 
depletion period following weaning. 

Table 2 clearly shows the differences in growth evidenced in a mangane~ 
deficiency. Although the figures for the M-2 ration indicate the slower 
of a deficiency as compared to the basal ration, the table unfortunately does n 
show the relatively more severe symptoms obtained on the higher CaP rat 
with an earlier plateau in weight, and poorer efficiency. This was more readil 
apparent when paired-fed animals were used, a less efficient conversion of foo 
to body weight being noted in all of the manganese-deficient animals as cor 
pared to their manganese-supplemented litter-mates. 

In general appearance the manganese-low rats show signs of progressiv¢ 
emaciation, a poor and dirty hair coat, and instabilitv. No paralysis, as re 
ported by Shils et al. (5), was noted in animals maintained on the basal ratior 
for as long as six months, although a noticeable weakness of the hind legs caus 
a decidedly impaired gait. A typically deficient animal is pictured in figure 
beside a normal littermate. 

Basal metabolism. Using published techniques (17), the respiration quotient 
and the basal metabolic rate in terms of calories/square meter/24 hours were 
obtained. No differences were found in R.Q. —all animals averaging about 0.75 
Although a slight increase in B.M.R. was found in the deficient animals (1069 
30 compared to a control value of 990 + 33), it is doubtful if much significances 
can be placed on this finding in view of the natural variation which would lx 
expected. 

Nitrogen metabolism. A significantly disturbed function of arginase activit 
in the animal might be expected to cause impaired nitrogen metabolism. Use of 
a milk ration in one case, and the synthetic basal ration with protein remoyed 
another, showed no essential differences in feces excretion, urinary excretion, o! 
retention of nitrogen in animals in intermediate stages of deficiency. 

Bone studies. An extensive study of bone formation was called for in view ot 
the reported differences noted in blood and bone phosphatase activity in chicks 
The results of analyses of the femurs for length, volume (determined by the 
volume displacement of the bone in water), percentage of dry matter, percentage 
of ash on the dry ether extracted bones, and the density of the ash in the bone 
are summarized in table 3. It is obvious from these data that the process of bone 
formation is significantly disturbed in the manganese-deficient animal. Not 


74 


Sucrose (per cent) 


( 


‘asein (per cent) 


ard (per cent 


Salts* (per cent) 
(per cent). 
CaCl,-2H.2O (per cent). 
Vitamins: 


choline (per cent) 
p-aminobenzoic acid 
flavin 

pantothenic acid 

B, 

nicotinic acid 
halibut liver oil 


*Composition of salts: 


CaCl.-2H.O 

ZnSO4 10.0 
FeCl.-4H,0 79.6 
CuSO,4-5H20 10.0) 
Kl 0.4 


WACHTEL, 


A. ELVEHJEM 


TAB 


AND E. 


Composition of Mn-low rations 
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C'a content (mgm./gram) 


content (mgm./gram) 


a/P ratio 


Mn content = y/gram 


Av. daily food intake (grams) 


M-1 
11.0 
29.0 
53.5 
6.0 
0.5 
200 mgm./kilo 
10 mgm./kilo 
25 mgm./kilo 
2 mgm./kilo 
15 mgm./kilo 
25 mgm./kilo 
1 drop/week 
Ss 
20 
10 
61 
14.2 
9.64 
1.47 
0.90 
5-6 
TABLE 2 
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mgm. 
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kilo 
kilo 
kilo 
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kilo 


drop/week 


Growth* records of rats on various Mn-low diets 


ADDED MANGANESE 


RATION 
Number 
ex 
of animals 
M-1 15 
o 
M-2 3 
fot 3 
M-3 ; 2 
x 
* ¢ 


Average 
wt. gain per 
day 


grams 
2.70 


3.28 


average for 4 weeks; o& average for 6 weeks. 


Range 


grams 


(2.1-3. 


‘ 9 
(2.8-3. 


(2.7-3. 
(3.9-4. 


8) 


1) 
6) 


Sex 


MANGANESE-LOW 


Number 


of animals 


Average 
wt. gain per 
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200 mgm./kilo 


day 
grams 
1.61 
1.73 
2.30 
2.89 
1.57 
1.07 


10 mgm./kilo 
25 mgm./kilo 
2 mgm./kilo 
15 mgm./kilo 
25 mgm./kilo 
1 drop/week 


M-3 
11.0 11.0 
0 29.0 29.0 
51.5 51.5 
6.0 6.0 
2.0 
20 
0.5 0.5 
25 
2 
15 
25 
20 20 
10 10 
rene 35 10 
26 
21 
| 
| 
} 
| 
9.61 7.12 
0.85 2.55 
0.92 0.93 
5-6 5-6 
— grams 
2 17 (0.7-2.4) 
2.87 ? 4 (2.1-2.6) 
4.28 rots 3 (2.4-3.3) 
3.12 (2.9-3.3) 3 (1.0-2.0) 
3.10 3 (1.5-2,2) 
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only are the percentages of dry matter and ash lower but the ‘ 
ash in the bone is considerably decreased. These tigures are actual] 
cal expression of an observed weakness of the bone generally Mxan 


longitudinal sections of these bones shows in the voung, 


Fig. 1. Manganese-deficient rat with normal litter mate Animals are 6 months 
and weigh 130 grams and 230 grams respectively 


135 
\ 
125 
' 
: O—o injected 
» 4—4 9.0ce injected 
115 r--4 Effective weight 
increment 
= 


Fig. 2. Pituitary studies on Mn-deficient 2 rat on M-3 ration 


The top curve represent 
growth from 63 days of age; the bottom graph represents weekly food consumptior 


ot 


somewhat spongy laver of trabeculae beneath the epiphyseal line in the head 
the diaphysis. These trabeculae, however, are absent in the manganese-deficient 
animal— indicating a greater resorption of bone. 

Although the bone ash is decreased there is no apparent difference in the ¢ 


normally growing rat 
> 
> a 
+ 
50 
| 
25 
\ \ 
lwk 
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and P constituents of the ash: the normal animals having 37.1 per cent Ca and 
17.5 per cent P, and the deficient animals 37.0 per cent Ca and 18.0 per cent P. 

Likewise, there is no change in the amount of Ca and P in the blood serum. 
Analyses of over thirty animals on all three experimental rations indicate a P 
content of 9.10 mgm./100 cc. for controls, as compared to 9.51 mgm./100 cc. for 
deficient animals; the Ca content is 11.87 mgm./100 ce. as compared to 11.58 
mgm./100 ec. for the M-1l and M-2 rations, and about 2 mgm./100 ee. higher 
for the M-3, high Ca ration. 

Balance studies on paired fed animals show some impairment of phosphorus 
absorption in manganese-deficient animals, but it is questionable if this accounts 


TABLE 3 
Summary of bone studies 
~ Mn | + Mn 


| 
Bone length Dry bone Bone ash Density | Bone length Dry bone} Bone ash | Density 


er cent per cent asnh/ce cm per cent percent 


55.4+3.4 58.3 |0.42 40.05) +0.7/62.3 +0.6/0.51 


05 
+0.12/64.2 


+0.60 


for the more severe symptoms evidenced on a high Ca/P diet-—the absorption 
that does take place appears more than sufficient as noted by the amount of 
urinary P excretion, and body retention. The differences obtained are too small 
to claim a lack of phosphorus as the cause of impaired growth. Possibly the 
altered ration interferes somewhat with absorption of manganese in the intestinal 
tract, as has been reported in the case of iron (18). 

Phosphatase. In view of the changes obtained in the bone, and the phos- 
phatase work reported on chicks, a study of phosphatase activity in the rat was 
undertaken. Using the method of Bodansky (19), the activities of 0.1 ce. of 
plasma and 0.2 ec. of a suspension containing 5 per cent of bone (femur) in water 


z 
= AGE 
days om ach 
Diff 6.3% 6.4% 17.6% | | 
| | 
| 
82-129 ¢ 2.87 +-0.7 3.00 
2.87 +0.6 | 58.343.0 61.1 +1.4 [0.47 +0.04) 3.51 || +0.7/64.6 +0.5)0.57 + .02 
Diff 9.2% 5.4% 17.6% | 
| | 
and + 63.3 +1.2 63.4 +0.8 10.56 + .03) 3.65 67.3 +1.2)66.1 +0.5.0.65 + .92 
over 
Diff 5.9% 4.1% |-13.8% | 
| | | } 
M-2 | 82-129) ¢ 3.29 i ¢ 3.36 
3.41 64.7 +2.0 63.2 +1.0 10.57 + .02) 3.83 66.7 +0.7165.2 +0.410.66 + .00 
Diff 3.1% 13.6% | | 
130 3.20 +0.13 ° 3.40 | 
and 3.55 63.8 +0.7 63.3 +0.7 (0.58 + .03) 3.95 67.6 +1.2/65.8 .03 
over i 
Diff 5.6% 3.8% } 12.1% 
M-3 130 2.91 3.42 
and 315 62.9 +1.0 63.3 |0.55 +0.01 3.75 69.8 +0.6166.6 +0.5.0.70 + .03 
over 
Diff 9.9% 5.0% 21.4% 


PHYSIOLOGY OF MANGANES! 


was measured. Activity was based on phosphatase 


grams of phosphorus (20) liberated in 1 hour at 37.5 
phosphate solution buffered at a slightly alkaline pH 
per gram of green bone, and 10 ce. of plasma are giver 


Contrary to the findings in chicks, the manganes 
increased phosphatase activity in the blood, althoug 


FABLE 4 
and hone phosp 


RATION 


Average. 


Diff. from normal 
per cent. 


Age: 150 days 


Average 


Diff. from normal 
per cent. 


activity in the bone. This latter finding, however, cannot be termed significant 
due to the wide range of activities noted in various samples, and the overlapping 
of results. It would appear that there is no change in the phosphatase ol 
the bone. 

The higher values obtained in the blood of younger deficient rats is probab! 


an expression of the retarded development of these animals very young rats 


ehcient ifs 
liminished 
— Mn 
Phosphatase activity I atase 
ex 
Blood Bone B 
4 Agi 115 days 
units /10 cc. unt ram anil 4 ram 
M-1 13.7 6.5 
20.2 6.8 ). 2 
23.9 57 
i 19.5 9 39 
M-2 : 15.8 17.59 129 14.54 
15.3 
M-3 18.2 6.51 5.6 
13.56 
18.1 +2.7 12.46 +3.97 8.0 +2.4 1.99 +2.83 
+126 17 
| 
M-1 | 12.4 6.5 x) (5 
5 ri 
M-2 : 9.1 7.69 5.4 12.51 
Ss 13.40 5.6 11.56 
M-3 7.6 10.43 tS 9 
10.3 10.49 5.6 17.84 
9.4 +1.5 10.50 41.45 5.6 +0.3 14.60 +4.28 
LOS 28 
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have a much higher phosphatase in the blood than older ones. The weakness 
of the bone, too, may cause a leakage of phosphatase into the blood as is believed 
to occur in rickets. 

Hemoglobin. With the general weakness observed in the bones of deficient 
animals one might suspect some interference with the formation of hemoglobin 
which takes place in this organ. Studies made on the blood of rats at different 
ages do indicate a gradually increasing difference between the values obtained 
for the deficient animals as compared to the controls. These results are sum- 
marized in table 5. In an attempt to determine if these differences are caused 
by some disruption in the production of hemoglobin, regeneration studies were 
also carried out. This was done on paired fed animals by removing an amount 
of blood approximately 25 per cent of the total (considered to be 10 per cent of 
the body weight). The findings reported in table 6 seem to indicate some trouble 
in this respect, in manganese-deficient animals. , 


TABLE 5 
Hb values at different ages 


| +Mn —.Mn 


DIFFER- 

Number Number ENCE 
of Hemoglobin of Hemoglobin 

| animals animals 

grams/per cent grams/per cent 

55 (13.2-13 12.56 (11.6-13.6 —().99 

24 (13 5.2) 13.06 (12.0-14.4) -1.08 

(13.3 13.41 (12.2-14.2) 1.30 

(14.6-16.: 14.17 (12.3-14.! 

(14 13.40 (11.8-14. —2.03 

(15.2-16 14.03 (13.7-14 —1.60 

(14.6-15.$ 12.71 (11.2-13. —2.67 


Pituitary studies. Orent and McCollum in early work on manganese deficiency 
in rats mentioned a possible relationship of Mn to pituitary function. 

If manganese does play such a réle in the body it would probably be in one or 
both of two functions; the production of the hormones, and/or the proper 
utilization of the hormones after secretion. If manganese is involved only in 
the production, then injections of suitable extracts of the pituitary should result 
in elimination of manganese-deficiency symptoms. As the manganese content 
of the pituitary is around 4 or 5y per gram, and water extracts contain only a 
slightly detectable quantity, contamination with manganese by means of small 
injections is negligible. 

Suitable extracts of pituitary gland were made by homogenizing one part of 
minced, frozen sheep anterior pituitary gland with 2 parts of water and allowing 
the suspension to autolyze for two days at 0°C. The ground tissue was then 
centrifuged down, and the semi-clear water extract separated. 

The animals used in these studies were all over 100 days old, and had exhibited 
signs of plateauing in weight for several weeks. Injections of the extract were 
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TABLE 6 


He moglobin ré ge ne 


AVERAGE 
WEEKLY FOOD 
CONSUMP- 
TION 


Averages 


IN THE RAT 79 
+ Mr 
= 
37.6 ? 66 | 137 | 15.79 | 3.5 | 23.6 120 | 12.64 | 2.8 | 22.8 
11.83 3.96 10.0 2.55 
73 | 148 | 14.67 +2.84 124 12.7¢ +2. 67 
80 156 15.68 +3.85 | 122 | 12.2 +2.12 
100-171 16.57 1.8 | 27.4 136 | 25.5 
12.14 4.43 9.57 2.49 
114 | 169 | 15.25 +3.11 | 133) 12.91 +2.34 
121 170) 16.69 +455 | 137 | 13.23 
39.3 ? 66 | 154 | 14.97 | 3.8 | 24.6 14] 15.05 4 22.0 2.84 
11.98 2.99 12.21 
73 | 155 | 14.86 +2.68 | 143 | 13.11 -) OO 
80 | 163 | 15.17 +3.15 | 144 | 14.16 +1.95 
100 | 172 | 16.22 | 5.2 | 29.0 153 | 14.78 | 3.8 | 24.8 
11.71 $.51 11.37 3.41 
114 | 172 | 15.17 +3.46 | 147 | 13.77 +2.40 
121 | 178 | 16.57 +4.86 | 142) 14.16 +2.79 
34.0 rot 66 | 116 | 15.68 | 2.8 | 22.8 102 
11.48 1.20 
| 73 | 121 | 11.28 0.20 | 110 
80 | 118 | 14.28 +2.80 | 114 | 14.47 
100 | 166 | 14.28 | 4.6 | 27.4 125 | 14.78 | 3.1 | 24.8 
10.43 3.85 10.89 3.89 
| 114 | 169 | 13.97 +3.54 | 116 | 13.89 +3.00 
121 | 168 | 15.60 +5.17 | 107 | 12.84 +195 
36.6 9 66 | 110 | 15.17 | 2.7 | 22.5 96 | 13.77 | 2.3 | 23.0 
11.50 3.67 10.66 1] 
| 73 | 117 | 14.28 +2.78 | 101 | 12.64 $1.98 
80 | 127 | 15.68 +4.18 | 104 | 13.89 +-3.23 
100 | 150 | 16.80 | 3.6 | 24.6 115 |} 16.97 | 2.2 | 2.0 
13.24 3.56 10.81 16 
114 | 140 | 15.91 +2 67 | 108 Q 296 1 
121 | 139 | 15.91 +2 67 | 109° 10.81 LY 0 
66 15.40 | 3.2 | 23.4 
11.70 3.70 10.99 2 &3 
73 13.77 +-2.07 12.84 +-1 85 
80 15.20 +3 50 13.42 +2. 43 
100 15.97 | 4.6 | 27.1 13.90 3.2 | 23.8 
1188 109 10 66 3.24 
114 15.08 +3. 20 12.46 +-1 S80 
121 16.19 +431 12.76 + 2.10 
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made subcutaneously in 0.25 ec. amounts, and were given regularly through the 


dosage period. Exemplary responses to these injections are shown in figure 2 


along with a short control experiment. Weekly food consumption values are 
also given. 

The effective weight increment is defined as the measured increase in weight 
over that which would be expected from the naturally exhibited growth of the 
animal as observed in a several weeks’ preliminary period. 

Effects noted above could not be attributed to adrenotropic action of the 
pituitary extract, as injections of 8.5 cc. of Adrenal Cortex Extract (Upjohn) 
over a ten day period in one manganese-deficient rat failed to cause change in 
weight or food consumption. 

Discussion. In the case of manganese deficiency, from the work reported 
here, and by others, the following positive facts are known for the rat. 

1. In a mild deficiency growth is normal but the oestrous evele of female rats 
is interfered with, and testicular degeneration occurs in males. 

2. In a more severe manganese-deficiency the animals show definitely im- 
paired growth, signs of emaciation, weakness of the limbs, poor hair coat and 
some nervousness. 

3. Analyses of the bones indicate poorer bone formation in the deficient 
animal. 

1. A slight decrease in the hemoglobin concentration of the blood is evidenced, 
and some interference with hemoglobin regeneration. 

5. Contrary to the work with chicks an increase is noted in serum  phos- 
phatase. 

6. The liver arginase activity is definitely decreased in the deficient animal. 

7. A more aggravated deficiency may be obtained by raising the Ca/P ratio 
of the ration; a slightly decreased absorption of P is noted in the deficient animals. 

8. Ina limited number of cases injections of extracts of sheep anterior pituitary 
gland. have resulted in a slight initial increase in weight, not obtained with 
succeeding injections. 

Negatively there has been shown: 

1. No difference in basal metabolic rate between normal and Mn deficient 
rats. 

2. No gross differences observed in nitrogen absorption or excretion. 

3. Bone phosphatase activity is unchanged in the rat (though lower in the 
chick). 

4. No histological abnormalities detected in adrenal, kidney, pituitary and 
thyroid of manganese-deficient rats. 

To the above might be added the ¢n vitro studies linking manganese to several 
enzymes systems as a non-specific activator. 

It appears evident from the data available that manganese functions in some 
role affecting the well-being of the entire body. Decreased food consumption 
evidently cannot be blamed for the results noted, as all findings were checked on 
paired fed animals. No one outstanding sympton as vet has been discovered. 
Lack of growth and impaired bone formation may be correlated; likewise trouble 
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with the bone may result in increased bloo 
deficient hemoglobin regeneration, ind 
arginase has been noted, too, 

bolism (21). 

The possibility of manganese functioning in some cr 
gland has been offered. The rdle of the pituitar 
generally known. On removing the gland a cessati 
localized in the growing epiphyseal cartilage (22 
been shown (23) to cause a slight drop in the hemoglobin 
been reported, too, (24) in liver arginase activit: 


manganese-deficiency and these findings is eviden 
SUMMARY 


1. Synthetic rations with varying Ca/P ratios were made 
only 5y per day of manganese. 
2. Rats raised on the experimental rations exhibited impaired 


pronounced in cases where a high Ca, P ratio was present. 


3. Manganese deficient rats had poorer bone formation 
? 


ver cent less ash, and 15 per cent less ash per unit volume; C 
| } 


of the ash were unchanged. 

1. A slight progressive anemia was noted in the deficient animals, 
averaging about 2 grams per 100 ce. of blood below normal 
regeneration was decreased. 

5. Paired feeding trials showed the same differences in growth, 
hemoglobin as in animals fed ad lib. 

6. No differences in bone phosphatases were found, but 
increase in blood serum phosphatase was present. 

7. Values for Ca and P of the blood were normal, though a slight decrease in P 
absorption was noted in deficient animals. 

8. No differences could be found in nitrogen metabolism or basal 
rate. 

Y. Anterior pituitary extracts have been shown to have some effec 


lating growth of deficient animals for a short period. 
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THE PERIPHERAL VISUAL ACUITY OF 100 SUBJECTS! 


FRANK N. LOW 


From the Department of Anatomy, School of Medicine, University of North Ca na 
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Acuity curves for peripheral vision are well known, those of Wertheim (3 
and Koester (1) being frequently reproduced. Since their findings nearly fifty 
years ago the subject has been investigated by numerous workers whose results 
have been reviewed by Traquair (2) who lists the data of some 28 investigations 
by 11 workers. Although their methods were essentially the same the results 


differed considerably. Not a great many subjects were examined. This sug- 
gested a more or less wide variation of peripheral visual acuity under normal 
conditions. Therefore this investigation undertook the development of a 
suitable test for peripheral visual acuity and the testing of a sufficient number of 
individuals to determine the extent of the suspected variation. 

Apparatus. Tests were run on a 25 cm. perimeter (American Optical 
Company-~AO 460). The following apparatus was built: 

1. Illuminator. A 60 w. Mazda daylight lamp was fixed on the locus of all 
points equidistant from points along the perimeter arms, 25 em. from the sub- 
ject’s eye. The light turned with the perimeter arms. The subject’s eye was 
protected from glare by a shade. A 75 mm. square of white bristol board was 
attached to the rod supporting the lamp, near the bulb, placed so as to throw 
diffused light toward the eye being tested. 

2. Target carrier. A carrier for the targets was made of 3 thicknesses of 
bristol board with the following dimensions: (a) front card; 75 mm. sq., 55 mm. 
cutout in center; faced with photographic paper; (b) middle card; 75 mm. sq., 
on three sides; all sides 5 mm. wide; built up with photographie paper for thick- 
ness; (c) back card; 75 mm. sq.; screw head in center flush with card; semicircular 
cutout of 10 mm. radius in middle of top edge. The carrier was fastened to 
the test object carriage so that it would revolve freely around its center. 

3. Targets and test objects. The targets of bristol board and photographic 
paper were cut 64 by 69 mm. to fit in the carrier. The test objects were Landolt 
Broken Circles (diameter equals five times width of line equals width of break) 
photographed and printed on the targets in the following sizes: width of break 
in mm. 3, 1, 13, 2, 23, 3, 4, 5, 6, 7, 8,9, 10. The center of the test object coin- 
cided with the center of the carrier. 

4. Identification button. A circle (10 mm. radius) of white bristol board with 
a hole in the center was fitted on the button on which the subject fixed his eye. 
The numbers I, II, III, ITI] were marked on this circle in positions corresponding 

1 The cost of the statistical analyses here reported was met by the Smith Research Fund 
of the University of North Carolina. 
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to the points of the compass. The subject referred these numbers to the four 
possible positions of the break in the test object, signaling with a buzzer. 

5. Booth. Black, non-reflecting cloth was draped wherever the subject’s 
visual field extended. All visible apparatus except the carrier, target, and 
identification button were black. 

6. Blindfold. A one-eye blindfold was used to cover the eye not being tested. 

7. Operator. The operator wore a black robe and black gloves. He was 
equipped with a black paddle large enough to conceal the carrier during changes. 

PROCEDURE. Nine points on the temporal periphery of each eye were tested 
on meridians 45 degrees apart. The following points were tested on the 
meridians and angular deviations indicated: out 30°, 60°, 90°; down and out 
30°, 60°, 90°; down 30°, up 30°, and up and out 30°, in the order mentioned. 
With the room blacked out except for the illuminator on the instrument, the 
subject was seated at the perimeter and a large size target was inserted in the 
carrier set at the first point to be tested. It was adjusted in one of the four 
possible positions while covered with a black paddle and then revealed to the 
subject who signalled an answer. If the subject could not tell he was made to 
guess. The target was covered again and the position of the break changed. 
This procedure was repeated until the subject got four consecutive correct 
answers, or two misses (not necessarily consecutive). When the subject suc- 
ceeded the next smallest size test object was used. This was continued until 
the subject failed. ‘The smallest test object successfully identified was scored, 
using the width of the break of the test object in millimeters to denote the score. 
During identification the eve not being tested was blacked out. Fixation was 
checked by watching the subject’s eve. 

For purposes of correlation the peripheral test was preceded by a standard 
test for central acuity (Snellen illuminated chart-—-metric measurement) and 
the Ishihara color test. The wheel test for astigmatism was given on the 
uncorrected eye. Age and sex were recorded. 

One hundred subjects selected at random were tested as described above. 
The peripheral test took from 40-60 minutes. The left eve was always tested 
first, the subject resting about 5 minutes between eves. Twenty of the original 
group were retested under identical conditions after a lapse of about 2 to 3 
months. 

Resutts. It was found that the peripheral acuity was so weak at the 90° 
points that from 89-94 of the 100 subjects could not identify the largest target 
used (10 mm.). These points were discarded in calculation of the total score 


of each individual, regardless of performance. Since the score recorded was the 


size of the break of the smallest test object correctly identified, the actual 
acuity lay somewhere between that value and the next smallest size. The 
midpoint between the two was chosen as being presumably more accurate. 
The sum of the individual scores for 14 points was chosen as the total score for 
that individual. The smaller the value the better was the acuity. Therefore 
the reciprocal of this figure was chosen as the value from which percentages were 
calculated. 
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The means and standard deviations for the group of 100 are shown in the 
black boxes &f figure 1. Among the 100 subjects there were 30 who would have 
qualified as aviation cadets on the basis of age, sex, and visual requirements 
They were males 18 to 27 vears of age inclusive, with normal or better central 


vision, normal color vision, and no astigmatism. Their means and standard 
deviations are shown in the white boxes in figure 1 (s a whole their scores 


were better but the degree of variation among individuals, which the height ot 
the standard deviation box indicates in contracted form, is nearly as 


that of the whole group. On the basis of total scores the 2nd and 99th in degree 


BREAK IN CIRCLE IN MILLIMETERS 


UP DOWNDOWN) OUT 


sour, &OUT! 
30° 60° 30° 
LEFT EYE RIGHT EYE 


Fig. 1. Graphical representation of means (averages) and standard deviations of periph- 
eral visual acuity. Boxes show limits of standard deviations, cross bars are means. Black 
boxes are total group of 100. White boxes are selected group of 30 (males 18-27 incl., normal 
or better central acuity, normal color vision, no astigmatism). 


of peripheral acuity were members of this selected group of 30. The actual 
spread of the total scores of both groups is recorded in table 1. In the group of 
100 the reciprocal of the average score was arbitrarily chosen to represent 100 
per cent and the value for each individual or group expressed by a comparative 
percentage. In the test-retest group of 20 individuals the original score, indi- 
vidual or group average, was regarded as 100 per cent and the second score 
expressed in comparative percentage. Of this group the best subject improved 
about 50 per cent and the worst declined 8 per cent. 

Table 2 shows the relationship of peripheral visual acuity to other measured 
data. Men scored 11 per cent better than women. The varying average scores 
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for the different age groups show that there is not necessarily a diminution with 
advancing years. The eight color blind individuals were 8 per cent below par. 
The deficiency is somewhat minimized because the best subject, scoring 364 per 
cent, was a member of this group. 


TABLE 1 


} 


20 TEST-RETEST 
GROUP 100 BEST WORST “a BEST WORST 
First | Second 
Score. | 47.90 13.16 110.90 41.66 22.81 92.20 50 . 07 $2.17 
Reciprocal 0.02088) 0.07599} 0.00902) 0.02400} 0.04384! 0.01085) 0.01997) 0.02371 
Percentage 100 | 364 | 43 115 210 52 100 116 


* Males 18-27 yrs. old inclusive, normal or better central vision, normal color vision, 
no astigmatism. 


TABLE 2 


Correlation of peripheral visual acuity scores with other data 


} SEX AGE | COLOR 
| VISION 
Males Females | 17-20 | 20-29 30-39 40-70 ae 
No. = 87 13 13 67 13 7 oa 
Score | 49.21 18.62 45.82 51.86 
teciprocal. .. ...-| 0.02120 ; 0.01891 | 0.02405 } 0.02032 | 0.02057 | 0.02182 | 0.01928 
Percentage. . | | 105 92 


* All male; 7 red-green type, 1 unclassified (blue green?). 


TABLE 3 


Correlation of central acuity with peripheral acuily in 200 eyes 


NO. = 92 19 19 10 9 12 12 4 23 
GROUP ‘ 200 
6/5 6/6 6/7.5 6/10 6/12 6/15 6/20 6/30 6/60* 
Score... .| 23.95 | 21.58 | 20.63 | 26.61 | 25.53 | 21.94 | 26.22 | 28.98 | 25.73 | 29.93 
Reciprocal. |0.04175]0 .04633/0 .04853)0 .04558/0 03887|0.03341 
Percentage..| 100 111 | 116 90 94 109 | 92 | 33 | 93 SO 


* Some eyes weaker than 6/60. 


Table 3 shows the relation of peripheral to central acuity. The same method 
of comparative percentages has been used but was calculated for each eve 
separately. The degree of correlation between the two values (Pearson product- 
moment correlation) was found to be positive at 0.38, a figure too low to yield 
any practical reciprocal predictive value. 

Discussion. The variation of peripheral visual acuity among individuals 
was found to be even greater than anticipated. Table 1 shows the best subject 


Averages and actual limits; test-retest scores 
' 
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to possess peripheral acuity about 33 times that of normal and about 8} times 
that of the weakest subject. 

The relative average acuity for each point as noted in figure 1 agrees in the 
main with the curves of Wertheim (3). The actual variation of acuity for each 
individual point is of course greater than the limits of the standard deviation 
boxes. For example, on the up 30° point, the smallest test object identified was 
size 1, while 2 of the subjects could not identify size 10, the largest used. On 
each 60° point some individuals failed on size 10. 

It is notable that the variation of the acuity for any point 
acuity itself decreased. This is illustrated by the fact that the 
in figure 1, the larger the standard deviation box. 


increased as the 
higher the mean 

The data reported in table 3 indicate that central acuity is not a reliable indi- 
cator of peripheral visual acuity. This is in accord with the fact that the focus- 
ing power of the lens, which is largely responsible for central acuity, hardly 
functions at all bevond 30° from the line of vision. Also the failure of peripherz! 
vision to decline regularly with advancing age as indicated in table 2 is under 
standable, since the decline in central vision is due to lens changes. The lack 
of high grade positive correlation between peripheral visual acuity and othe: 
measured factors seems to justify the statement that peripheral visual acuity 
is an independent visual function. 

Especially interesting is the result of the test-retest experiment on 20 subjects 
This technique was intended for use as a check on the reliability of the test, but 
the subjects, with very few exceptions, did better on the retest. Despite this 
improvement the scores for the two eyes of any one individual remained very 
close together. It was decided to check the reliability of the test on the assump- 
tion that, for any one subject, the score of one eve ought to be exactly the same 
as the score of the other. Calculation on this basis (Pearson product-moment 
correlation, corrected by Spearman-Brown formula) vielded a reliability of 0.91, 
a figure well within the allowable limits of variation for such a test. The im- 
provement on the test-retest technique was interpreted to be bona fide improve- 
ment in peripheral acuity due to the practice afforded during the two tests, each 
of which lasted 40 to 60 minutes. This interpretation is supported by the fact 
that the right eve, which was always the second tested, scored better than the 
left. In a series of tests (not reported here) in which the order of testing the 
eves was reversed, the second eye tested (left) showed better scores than the first. 
These indications that simple practice can train peripheral acuity are the basis 
of further investigations now in progress. 


SUMMARY 


1. A new test for peripheral visual acuity is described. 

2. One hundred subjects have been tested. 

3. Peripheral visual acuity is a very variable value, the total scores running 
from 43 per cent to 364 per cent of the average for the whole group. 


4. Peripheral visual acuity is an independent visual function. 
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5. The weaker the peripheral visual acuity for any point the greater is the 
variation for that point. 

6. The collected evidence indicates that peripheral visual acuity can be 
trained. 


The author expresses his thanks to Cecil Wooten, Jr., a medical student, for 
valuable assistance in the development of the technique and the testing pro- 
cedure. Acknowledgment is made to the Department of Physiology for the use 
of apparatus. 
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THE PRODUCTION OF HYPOTHALAMIC OBESITY IN RATS 
ALREADY DISPLAYING CHRONIC HYPOPITUITARISM 


A. W. HETHERINGTON 
From the Institute of Ne urology, Northwestern Unii rsity Medical Sch ee 1] I 


feceived for publication June 12, 1943 


Although the early literature on experimental obesity abounds in reports 
claiming the production of obesity after various operative procedures on the 
hypophysis of several species, few research workers in recent years have stressed 
the importance of hypophysial damage as the actual cause of the syndrome in 
laboratory animals. In all probability, the observed outcome of the early ex- 
periments was the result of coincidental injury to the tuber cinereum. At any 
rate, it is certainly true that during the last 20 years numerous workers have 
removed the hypophysis in whole or in part from large numbers of animals with- 
out inducing adiposity. (Brown, 1923; Smith, 1930; White, 1933; McPhail, 
1935; Lee and Ayres, 1936;Reiss, Epstein and Gothe, 1937; Dandy and Reichert, 
1938; Phillips and Gilder, 1940; Winternitz and Waters, 1940; Hetherington and 
Weil, 1940; Hart and Magiday, 1941.) As Newburgh (1942) has hinted, there 
may indeed be no such disorder as hypophysial obesity—or if there is, there has 
been no convincing demonstration of it. Sevringhaus (1940) likewise seems 
inclined to this opinion, at least insofar as the so-called “‘hypopituitary”’ forms 
are concerned. 

Previous work from this laboratory (Hetherington and Ranson, 1940) having 
demonstrated that a high degree of obesity can invariably be obtained in rats by 
the making of certain bilateral hypothalamic lesions, an attempt was later made 
to determine whether the hypothalamic destruction produced its effect through 
the hypophysis. Such a situation, even though it placed the hypophysis in a 
subordinate réle, would still vindicate partially the view that dysfunction of the 
pituitary may co-operate to bring about the obesity. It was found (Hethering- 
ton and Ranson, 1942) that total hypophysectomy one week after the making of 
the hypothalamic lesions did not in any way impede the appearance of the adi- 
posity, which was as pronounced as in cases with intact hypophyses. Hypotha- 
lamic lesions, therefore, do not cause excessive fat deposition by inducing some 
pathological imbalance of hypophysial secretions. One last possibility was 
evident: The disordered hypothalamic mechanism leading to obesity might be 
unable to exercise its influence in tissues which had undergone all the metabolic 
changes succeeding hypophysectomy and the thyroid and adrenal atrophy conse- 
quent thereto. On this supposition it was decided to repeat the experiment, 
using animals already long in a hypopituitary state before the making of the 
hypothalamic lesions. 

Accordingly, a number of young male and female six-weeks-old rats were 

1 Aided by a grant from the Committee on Research in Endocrinology of the National 
Research Council. 
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hypophysectomized and observed and weighed at intervals for a period of 75 to 
80 days. This is considerably longer than the interval required, according to 
Smith (1930) and Crooke and Gilmour (1938), for the attainment of maximum 
atrophy in the thyroids, adrenals, and gonads. If at the end of that time little 
or no increase in the body weight of the hypophysectomized rat had occurred, the 
gland ablation was assumed to be complete, and the rat was selected for the sub- 
sequent experiment. The hypothalamic lesions known to produce adiposity in 
the rat were made by a method which has already been described elsewhere 
(Clark, 1939; Hetherington and Ranson, 1940). Not including a number which 
died very shortly after the second operation (the hypophysectomized rat does not 
tolerate severe operative procedures very well), a total of 10 doubly operated 
animals was obtained. Several hypophysectomized and unoperated littermate 
controls were preserved. Aside from initial stays in a warm (28°C.) incubator 
and careful nursing the doubly operated animals were kept under the same con 
ditions as our ordinary operated rats. 

With the exception of two which died unexpectedly about two months after 
the second operation the rats were kept alive about 11 weeks. At the end of the 
experiment all the rest were anesthetized and measured, and then killed by de- 
capitation. The base of the brain and the sella were sectioned together, stained 
with a combination of cresyl violet and eosin, and examined for remnants of 
hypophysial tissue. The sphenoid bone surrounding the original aperture made 
for hypophysectomy, together with some of the soft tissue ventral to it, was also 
preserved, decalcified, and studied histologically. 

All the ages, post-operative times, initial weights, weight increases, and body 
lengths of the rats are shown in table 1. As may be seen none of the hypophy- 
sectomized rats showed any signs of putting on excessive weight during the 74 to 
83 days following hypophysectomy. When, however, the 10 hypophysectomized 
rats subsequently received hypothalamic lesions they then became very fat. 
This obesity began to be quite apparent in most cases in a matter of 3 to 4 
weeks, though a renewed tendency to gain weight rapidly was evident in all even 
before this time—as soon, in fact, as recovery from the second operation passed 
bevond the acute stage. The ratios of the cube roots of the animals’ body 
weights in grams to their body lengths in centimeters (Lee, 1929) reveal that 
these rats became relatively just as fat as other animals previously reported, both 
those not hypophysectomized, and those hypophysectomized after placement of 
hypothalamic lesions. The ratios of the rats which were only hypophysectomized 
fall well within the range for normal rats; they usually, of course, display some 
decline in the size of the ratio from the pre-hypophysectomy level because of 
their loss of weight during the early stages. 


The obese rats became rather irritable and unmanageable after the second 
operation, in marked contrast to their earlier pliant, submissive behavior after 
hypophysectomy. They retained, however, their soft white hair, though this 
in many instances became somewhat sparser. They did not display any tend- 
ency to resume skeletal growth. At autopsy the gonads, adrenals, and thyroid 
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were of course very small; no attempt was made to weigh these, or examine them 
histologically. There were in these obese dwarfs the usual large deposits of fat 
in all the normal depots which are seen in ordinary rats displaying hypothalamic 
obesity. 

In the light of this evidence it seems altogether unlikely that the hypophysis 
may be considered to play any réle of importance, either of an inhibitory or an 
augmentative nature, in hypothalamic obesity. Not only does removal of the 
hypophysis during the period of onset of the disorder fail to balk the excessive fat 
deposition, but even the pre-existence of a state of full-blown hypopituitarism 


TABLE 1 


Data on hypophysectomized rats in which hypothalamic lesions were made, and on their hyp 
physectomized and normal littermate controls 


HYPOTHALAMIC LESIONS 


HYPOPHYSECTOMY AUTOPSY 
TYPE OF 
RAT NO 
OPERATION Nose- Nose Nose 
Age Weight, anus Age | Weight anus Age Weight anu \ 
length lengt leng 
days ram m days ram cm ram m 
Rd-19¢ Pit.* 42 143 18.4 192 140 18.7 277 
Rd-200 Pit. and Les 42 142 18.0 122 155 18.3 191 251 8.2 347 
Rd-21¢ Pit. and Les 42 132 oe i 122 140 18.1 191 274 18 0.35 
Rd-22 9 Pit. and Les 42 130 17.7 122 130 17.7 19 283 7.9 0.3 
Rd-23 9 Pit. and Les. 42 124 17.3 122 121 17.5 179 197 7.4 4 
Rd-24 9 Pit 43 125 17.2 192 128 7.5 0.28 
Rd-25 ¢ Pit. and Les. 43 121 17.0 122 133 17.4 191 252 17 5 
Rd-26 9 Pit. and Les 43 115 17.3 126 112 17.0 19] 205 7.2 0.34 
Rd-27 9 Normal 16.8f 192 285 22.5 ).292 
{d-289" Pit. and Les.t 42 162 19.2 116 177 18 18 340 20 44 
Rd-29." Pit. and Les 42 150 18.5 116 160 18.9 Ss 265 18.9 0.33 
Rd-3007 Pit. and Les 4: 143 18.3 119 126 18.1 18 265 18.4 ).34 
Rd-31¢ Pit 43 143 18.4 187 147 18.8 0.2 
Rd-32¢7 Pit. and Les. 3 139 17.9 120 144 18.2 164 212 18 39 
Rd-33" Normal 43+ 142t 18.2f 187 485 25.7 0.395 


* “Pit.”’ indicates only a hypophysectomy was done. ‘Pit. and Les.”’ indicates a hypophysectomy was followed 
about 11 weeks later by the making of hypothalamic lesions. 

+t This animal was normal. The data were taken at the time its litter mates were hy pophysectomized 

+ A very small fragment of anterior lobe tissue was found in histological sections of the sella 


does not interfere with appearance of the syndrome in just as marked a form as 


in rats in which the hypophysis is intact. Animals in which both operations 
have been performed present a picture of obesity superimposed upon pituitary 
dwarfism. These facts, taken together with the finding that obesity does not 
ensue when all or part of the hypophysis is removed without damage to the over- 
lving brain, would appear to dispose of malfunction of the hypophysis as an 
explanation of the adiposity often associated with “pituitary regional disease”’ 
(Sevringhaus). It is the hypothalamic disability which is solely responsible for 
the obese condition. 


> 
n 
e 
e 
n 
e 
h 
d 
e 
of 
le 
sO 
ly 
to 
it. 
4 
n 
d 
lv 
th 
of 
ed eee 
ne 
of 


92 A. W. HETHERINGTON 


SUMMARY 


Ten rats hypophysectomized and observed for periods of about 11 weeks 
showed no signs of developing obesity. Some, even after so long a time, had not 
even attained their preoperative weight; others had surpassed it by a few grams 
only. They could be considered, therefore, to be in a state of chronic hypo- 
physial insufficiency. Hypothalamic lesions were then produced in these ani- 
mals by the Hersley-Clarke technic. Within 3 to 4 weeks they began to display 
rapid fat deposition, and 11 weeks after the second operation they were markedly 
obese. This evidence shows that the fat depots are still able to store excess fat in 
response to hypothalamic damage even after thev have suffered the changes in 
tissue metabolism presumed to be attendant upon hypophysectomy. Since 
neither total nor partial hypophysectomy produces adiposity, or prevents its 
appearance after hypothalamic damage is done, it is not likely the hypophysis 
is involved in the production of obesity often associated with injury to strue- 
tures in the pituitary region. Hypothalamic disorder appears to be the sole 
responsible factor. 
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A recent investigation of the inhibition produced by direct stimulation of 
the turtle’s atria (1) demonstrated the selective inhibiting effect of brief elect: 
currents (condenser discharges or induction shocks) applied repetitively. I 
ther experiments employing atropine and eserine gave strong support to the 
conclusion that the inhibition was conditioned on the release of acetylcholine 
at vagus terminals. The ventricle which is not directly inhibited by the vagu- 


was not inhibited by such direct stimulation. Within the range of intensitice- 


shock was always excitatory. Since a single vagal volley has been proved to be 
effective both for the mammalian heart (2) (3) and the heart of the turtle (4) (5 
it has seemed desirable to test the effect of stronger single shocks applied direct] 
to the atria. 

EXPERIMENTAL. ‘Turtles, 6-8 in. shell length, chiefly Pseudemys ele 
were used. The atria with attached sinus tissue were removed and the contra 


4 


tions of the double-atrial preparation were recorded on a kymograph by means 
of a light isotonic lever. The arrangement was such that the tissue could be 
immersed in solutions as desired. Single break shocks from a Harvard induc 
torium were applied by means of light flexible electrodes. In testing for inhibi 
tion it was the usual procedure to apply a break shock during the refractory 
period since in this way a premature beat and its accompanying Compensatory 
pause were avoided and any depression could be measured more accurately 

Proceeding thus, it was found that when current intensity was increased 
sufficiently depression tollowed such single shocks. The inhibiting threshold 
for a single shock is much higher than for repetitive stimuli since these latter ar 
summated and their effect is cumulative. With the Harvard inductorium em- 
ploved, it was necessary to increase the voltage of the primary current to 5 or 6 
volts before single shocks produced definite inhibition. This difference in 
threshold explains the previous inability to produce inhibition by single shocks 
applied directly. The depression is not an injury effect since within the rang: 
of stimuli employed recovery was prompt and complete. 

At break shock values near the threshold for inhibition the depression was 
limited to decrease in amplitude (negative inotropic effect). With stronger 
shocks a negative chronotropic effect was added. These effects are illustrated 
in figure 1, A, B and C, 


1 Aided in part by a grant from the Hendricks Research Fund of Svracuse Universit) 
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The maximum reduction in strength was not immediate but increased pro- 
gressively for two or more beats and then disappeared slowly, the total time of 
depression averaging between 30 seconds and 1 minute. In figure 2 a typical 


Fig. 1 A, Band C. Inhibition following single break shocks. Harvard inductorium 
primary =6 v. secondary coil at 9em.,Sem.,and6em. Time = 5 see. Signal indicates 
stimulation. 

D and FE. Single break shocks after atropinization. Primary 6 v.: secondary 2 em 
k. shows quickening after stimulation. Time = 5 sec. 

F. Preparation previously immersed in 1-6000 solution of eserine chloride. Progressive 


diminution in frequency and amplitude after each single shock. Time = 5 see 


result has been plotted as percentage depression against time. The amount of 
inhibition and its duration varied with the strength of stimulus and condition of 
the preparation but under similar conditions the curves are remarkably uniform. 
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Cooling the preparation lengthened the time values of the curve and raised the 
threshold slightly. 

A supernormal phase, a conspicuous after-effect following inhibition produced 
by repetitive stimulation (6) did not appear after single shocks. It seems prob- 
able that the repetitive stimuli which cause inhibition simultaneously liberate an 
excitatory substance, e.g., adrenaline or sympathin, at sympathetic endings 
This persists longer than the inhibitory substance and its effects appear after 
the inhibition has disappeared. The supernormal phase was more pronounced 
when inhibitory excitation was prolonged. Apparently a single shock did not 
‘ause the release of enough excitatory substance to outlast the depression, there- 
fore no supernormal phase appeared. 

To the extent that the above described inhibition is humoral, acetylcholine 
being liberated at vagus terminals, atropine should abolish it and eserine should 
potentiate or increase it. Proceeding to test these possibilities, atrial prepara- 
tions were atropinized either by injecting the drug shortly before removal of 
the atria or by immersing the preparation in atropine-Ringer solution. As a 
result the inhibiting effect of single shocks was prevented or removed (fig. 1, D 
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Fig. 2. Inhibitory effect of a single break shock plotted as per cent depression against 
time. Secondary = 8 em. 


and E). Other than the compensatory pause which follows a premature beat, 
there was no slowing of the rhythm and no diminution of amplitude after induc- 
tion shocks well above the normal threshold for such effects. In some instances 
a brief quickening was observed (fig. 1, E). This may have been due to the ex- 
citation of sympathetic endings by the stimulus. 

According to Sollmann (7), eserine stimulates the frog’s heart muscle and 
antagonizes both the vagus and the effect of depressants. There was evidencé 
of a similar effect on the turtle’s atria since preparations beat more rapidly and 
vigorously when immersed in strong solutions, e.g., 1-1000 eserine chloride in 
Ringer. Under such conditions the threshold for inhibition was raised. How- 
ever the main action of eserine was to prevent or delay recovery from inhibition. 
This action was best demonstrated by applying single inhibiting shocks at one 
or two minute intervals. Under these conditions there was incomplete recovery 
after each stimulus and the frequency and amplitude of beat were depressed 
progressively until after a succession of strong shocks the beat was completely 
arrested. Figure 1, F, illustrates these effects. The cumulative effect and 
arrest under eserine could be removed and the beat restored by atropine. 

Incidentally it was noted that eserinized preparations were very sensitive to 
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inhibition by mechanical as well as electrical stimuli. When animals were 
eserinized previously, the procedure of removing and suspending the prepara- 
tion was usually sufficient to arrest the beat completely. This mechanically 
induced arrest could be removed and the beat restored by atropine. 

Discussion. An electric shock sent through an atrial preparation as de- 
scribed comes into excitation relations not only with the cardiac muscle itself 
but also with ganglion cells and with the fibers and terminals of sympathetic 
and parasympathetic nerves. It is the algebraic sum of these excitatory and 
inhibitory effects which is recorded by the muscle. The experiments reported 
here show that when the stimulus reaches a sufficient intensity, the inhibiting 
effect predominates, the beat is slowed and the amplitude diminished. This 
depression could originate through several possible mechanisms. Membrane 
potentials or membrane permeability could be altered. There could be actual 
change in the structural arrangement or chemistry of the cytoplasm. Finally 
acetylcholine could be released at vagal terminals and this account for the 
observed effect. The following facts strongly support the latter conclusion. 
Atropinization prevents or eliminates the inhibition. The inhibition of both 
amplitude and frequency of contraction is progressively cumulative after eserine. 
The threshold is raised and the time relations prolonged by cooling. The 
preparation recovers its previous frequency and force within a minute after 
the reception of the inhibitory stimulus. It is significant that when the ino- 
tropic effects of single electrical shocks are expressed as a time-depression curve, 
its form is practically identical with those which Gilson (8) plotted from single 
vagal volleys. Gilson found such curves to show considerable agreement with 
curves constructed from an equation expressing the diffusion and destruction 
of an assumed chemical substance. 

On the basis of above evidence it seems possible to conclude that a single shock 
of sufficient strength releases a humoral substance in quantity sufficient to over- 
come excitatory effects and depress both amplitude and frequency. <A short 
time is required for the humor to reach maximum concentration at effective 
points and it is more slowly destroyed. Experiments employing atropine and 
eserine as well as the close correspondence to effects of single vagal volleys give 
strong support to the conclusion that acetylcholine released at vagus terminals 
is the inhibiting agent. The finding that no inhibition can be demonstrated 
when the ventricle or ventricular strips are similarly stimulated may be cited 
as indirect evidence for the above conclusion since Garrey and Chastain (9) 
showed that the ventricle which receives no vagus fibers is not affected by 
acetylcholine. 


SUMMARY 


Inhibition of the turtle’s atria may be produced by the direct application of 
single brief electrical shocks provided they are of sufficient intensity. The 
threshold for such effects is comparatively high, lving much above the intensity 
necessary for excitation. The difference between the relative effectiveness 01 
repetitive and single shocks lies mainly in the high threshold for the latter. 
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It requires a short time for the depression to reach its maximum. It then 
slowly disappears. 

The prevention of the inhibition by atropine and its prolongation by eserin« 
indicate that acetylcholine is liberated at vagal terminals in sufficient quantity 
to inhibit. 

The similarity of time-depression curves to curves constructed from effects 
of single vagal volleys is noted. 
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Hypophysectomized rats and rabbits from which the abdominal viscera have 
been removed require the administration of much more glucose to maintain their 
blood sugar levels than do normal eviscerated animals. The hypophyse¢tomised 
eviscerated rat also exhibits a loss of muscle glycogen which control animals do 
not show (1, 2). These observations substantiate those made previously on in- 
tact hypophysectomized animals and on animals given pituitary extracts—obser- 
vations which suggest that in the absence of the anterior pituitary there is abnor- 
mally great utilization of carbohydrate in the peripheral tissues in circumstances 
when carbohydrate oxidation is ordinarily not rapid (3, 4). The hypophysec- 
tomized animal also suffers from some degree of adrenal cortical insufficiency. 
Since the adrenal cortical hormone is known to affect gluconeogenesis, it is now 
generally considered that the changes in hepatic metabolism of carbohydrate 
observed in certain circumstances after hypophysectomy are due to this de- 
ficiency. There is some evidence which has been considered to indicate that the 
administration of cortical hormones, besides increasing gluconeogenesis, also de- 
creases carbohydrate utilization. Whether this effect, if real, is hepatic or pe- 
ripheral in origin is not known, nor has it been decided whether adrenal 
insufficiency, like hypophyseal deficiency, leads to increased peripheral oxidation 
of carbohydrate. Consequently, whether any of the effects of the absence of the 
pituitary on peripheral carbohydrate metabolism are mediated through the 
adrenal cortex is likewise unknown. The experiments reported here, in con- 
tinuation of, previous work on eviscerated rats, concern, first, the confirmation 
of peripheral effects of hypophysectomy by the reversal of these changes fol- 
lowing the administration of anterior pituitary extracts, and secondly, attempts 
to answer in part the questions just posed by a comparison of the effects of adre- 
nalectomy and of hypophysectomy, and of pituitary preparations and cortical 
hormones on peripheral carbohydrate metabolism. 

Meruops. All chemical, operative and infusion techniques used in these ex- 
periments were the same as those previously employed (1). The animals were, 
as before, young male rats of the Sprague-Dawley strain, unfasted. 

The anterior pituitary extract (A.P.E.) used was a 2 per cent saline extract of 
frozen beef anterior lobes, 1 ml. containing about 10 mgm. of protein and repre- 
senting 0.2 gram of gland. A total dose of 1 ml. per 100 grams body weight was 
administered intra-peritoneally at intervals during 4 hours preceding an experi- 


1 Supported by a grant to Dr. C. N. H. Long by the Committee on Endocrinology, Na- 
tional Research Council. 
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ment; in some cases, part of the dose was given subcutaneously after evisceration 
Administration of the extract over longer periods of time (up to 24 hrs.) did not 
seem to be more effective in these experiments than administration as just 
described. 

The adrenal cortical extract was Upjohn’s Adrenal Cortical Extract, 1 ml. 
representing 40 grams of gland and containing 50 dog units or 2.5 rat units as 
assayed by the manufacturer. Alcohol used as a preservative was removed by 
vacuum distillation before the extract was injected. Total doses of 0.1 to 0.6 
ml. per 100 grams body weight were given in 3 equal parts: intraperitoneally 
+ hour before experiment, and subcutaneously immediately after evisceration and 
again 1 hour later. Desoxycorticosterone acetate pellets weighing about 100 
mgm. were implanted subcutaneously, 1 in each animal, from 3 to 10 days before 
experiment. The pellets were weighed before implantation and after removal 
from the animal; the loss of weight of the pellets averaged 0.4 mgm. per day 

As before, the infusion experiments were conducted over a 2 hour period, 0.2 
ml. samples of tail blood being taken for sugar determinations at half-hour in- 
tervals. After the cessation of a glucose infusion, a blood sample was taken 1 
hour later or on the death of the animal if that occured earlier. When the evis- 
cerated animals were not given glucose, blood and muscle (gastrocnemius) sam- 
ples were taken immediately after evisceration and again 1 hour later. 

All of the control or “‘normal”’ animals were adrenal-demedullated two weeks 
or more prior to experiment. The hypophysectomized rats were adrenal! de- 
medullated two weeks or more before operation and were used for experiment two 
weeks or more after hypophysectomy. The adrenalectomized rats were used 
from 4 to 14 days after operation, maintained meanwhile by the addition of 
sodium salts to the drinking water (0.7 per cent sodium chloride, 0.3 per cent 
sodium bicarbonate). No salt was given to animals carrving desoxycorticos- 
terone pellets. All adrenalectomized rats, supported either with salt or with 
desoxycorticosterone, grew well during this time. Desoxycorticosterone treat- 
ment did not affect the weight of the hvpophysectomized rats. 

Resutts. The results of the infusion experiments are presented in figure 1. 
In each experiment, the differences from the initial blood sugar levels were taken, 
and then for each group of experiments, the mean and standard error of the mean 
of these differences were calculated for each time interval. The mean differ- 
ences were then plotted as average curves for each group of experiments. The 
standard errors, omitted from the figure for the sake of clarity, were not large, 
varying from 1.5 to 6.4 and averaging 3.4 mgm. per cent. Where two means 
have been compared, the significance of the difference between the means has 
been determined by Fisher’s ‘“‘t”’ test for small samples. 

The initial blood sugar levels lay usually between 70 and 90 mgm. per cent. 
The several series of experiments did not differ significantly with regard to their 
mean initial blood sugar levels. 

A.P.E. in normal eviscerated rats. The normal (adrenal-demedullated) evis- 
cerated rat was previously shown (1) to require for the maintenance of a normal 
blood sugar level the administration of 13 to 14 mgm. of glucose per 100 grams 


1 

] 

yf 

a- 

3 


LEVEL IN MGM. PER CENT. 


BLOOD SUGAR - DIFF. FROM INITIAL 


100 JANE A, 


RUSSELL 


(initial body weight) per hour; the average curve is shown as group B, figure 1. 
In the present series of experiments it was first determined that after the ad- 
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Fig. 1. Maintenance of the blood sugar by intravenous glucose infusion in eviscerated 


rats. 
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A. Normal (adrenodemedullated) rats 
B. Normal (adrenodemedullated) rats..... 

C. Normal ,{adrenodemedullated) rats 
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E. Hypophysectomized (adrenodemedullated) 
F. Hypophysectomized (adrenodemedullated) 
G. Hypophysectomized (adrenodemedullated) 
rats 
H. Hypophysectomized (adrenodemedullated) 
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J. Adrenalectomized rats.. 
K. Adrenalectomized rats. . 
L. Adrenalectomized rats... 


* See text for details of treatment. 
** Average glucose infusion rate. 


TREATMENT?* 


Ant. pit. ext. 


Ant. pit. ext., cortical 


ext. 
Cortical ext. 
Ant. pit. ext. 
Desoxycorticosterone 
Desoxycorticosterone 


Salt 
Salt 


GLUCOSE 
INFUSED** 
MGM. PER 
100 GRAMS 
PER HOUR 


© 
w 


to 


13.6 


D-ARESCE J- 
DESOXYC. 
F -\ APE. K 
=20 
| 
30 
G 
60 120 60 20 60 2p 
NO. OF 
ANI- 
MALS 
| | 
7 
g 
7 13.3 
8 14.0 
4 | 
10 14.0 
6 14.0 
7 a 20.0 
\ 3 14.0 


IC. 


ADRENALS AND HYPOPHYSIS IN METABOLISM 10] 


ministration of A.P.E. as described above, the glucose requirement was not 
more than 8 mgm. per 100 grams per hour. Simultaneously, a similar series ot 
experiments was performed in rats not given A.P.E. but infused with similar 
amounts of glucose (8 to 10 mgm. per 100 grams per hr.). In these animals the 
blood sugar always fell progressively. The mean curves of the two groups ot 
experiments, showing the differences from initial sugar levels, are presented in 
figure 1,groups AandC. The differences between the curves for the treated and 
untreated rats are highly significant at all points. 

In comparison with the rate of utilization of carbohydrate by normal evis- 
cerated rats, the glucose requirement has been reduced at least 40 per cent by 
the A.P.E. treatment. As far as these data show this reduction may be due to 
diminution either in the deposition of glycogen or in the oxidation of carbohy- 
drate by the peripheral tissues. However, since in control eviscerate rats, eithe: 
maintained with glucose or not, there is no change in muscle glycogen or in blood 
lactate (1), and since in the intact rat A.P.E. causes increased deposition rather 
than disappearance of muscle glycogen (4), it seems probable that here the effect 
of A.P.E. has been to decrease peripheral oxidation of carbohydrate. 

A.P.E. in hypophysectomized rats. Previously it was reported that A.P.E 
treatment of hypophysectomized rats reduced the rate of fall of blood sugar after 
evisceration and prevented the disappearance of muscle glycogen which othe: 
wise occurred (1). In the present experiments the amount of glucose needed by 
the normal rat was given to the A.P.E. treated hvpophysectomized rat and the 
resulting blood sugar curves were compared with the curves obtained when 
similar amounts of sugar were given to untreated hypophysectomized rats (fig. 1, 
curves F and H). As expected, the glucose requirement was reduced by the ad- 
ministration of A.P.E., although the restoration toward normal was not quite 
complete under these circumstances. During the first hour, the points on 
this curve, (F), do not differ significantly from zero, indicating a normal utiliza- 
tionrate. Later the blood sugar level fell noticeably, but at all points it remain- 
ed significantly above the curve for untreated animals. Follow ing the infusion, 
the rate of fall of the blood sugar of the treated animals was normal (table | 

Adrenal cortical hormones in hypophysectomized rats. The administration of 
whole adrenal cortical extract to eviscerated hypophysectomized rats allowed the 
blood sugar to be maintained by the infusion of the same amount of glucose as is 
required by normal eviscerated rats (fig. 1, group £). The amounts of extract 
used, 0.2 to 0.6 ml. per 100 grams body weight, were all about equally effective: 
smaller doses (0.1 ml. per 100 grams) were only partially so. These amounts of 
extract sufficed only when they were given in divided doses through the experi- 
mental period, a single injection prior to evisceration having only a temporary 


effect. The effects of A.P.E. and cortical extract were not noticeably synergistic. 
As shown in figure 1, treatment with both A.P.E. and cortical extract in the same 
amounts as were used separately was little more effective than the cortin alone. 
In other experiments (not shown), A.P.E. was found to be no more effective in 
the presence of smaller amounts of cortical extract than when given by itself. 

In hypophysectomized rats which were eviscerated but not given glucose, 
whole adrenal cortical extract increased the survival time and decreased the rate 


ed 
R 
MS 
IR 
) 
) 
) 
) 
) 


102 JANE A. RUSSELL 


of fall of the blood sugar to normal, but only partially prevented the loss of muscl 
glycogen (table 2). 

The implantation of pellets of desoxycorticosterone acetate into hypophy- 
sectomized rats did not affect their glucose requirement, the blood sugar curves 
from untreated and desoxycorticosterone treated rats not differing significantly. 


TABLE 1 


The rate of fall of the blood sugar in eviscerated rats after the cessation of glucose infusions 


NO. OF EX- RATE OF FALL OF 
PERIMENTS THE BLOOD SUGAR 


mgm. per cent 
per hour 


1..Normal rate........ 12 33 + 4.6* 
2. Normal rats treated with anterior pituitary extract 9 24 + 5.9 
3. Hypophysectomized rats ae 12 78 + 4.5 
4. Hypophysectomized rats with desoxycorticosterone pellets 6 60 + 7.2 
5. Hypophysectomized rats treated with adrenal cortical extract 
(0.2-0.6 ml. per 100 grams)... 8 31 + 2.8 
6. Hypophysectomized rats treated with anterior pituitary ex- 
tract (1 ml. per 100 grams 6 31 + 3.9 
7. Hypophysectomized rats treated with both adrenal and pi- 
tuitary extracts (same amounts as above). 6 37 + 2.5 
8. Adrenalectomized rats, salt treated 7 68 + 6.1 
9. Adrenalectomized rats, with desoxycorticosterone pellets 8 10 + 3.0 
* Standard error. 
TABLE 2 
Carbohydrate levels in eviscerated rats not given glucose 
BLOOD SUGAR MUSCLE GLYCOGEN 
NO. OF SURVIVAL 
Initial Initial | Rate of change 
ail 
1. Control demedullated rats 12 107 + 10 82 37 +3 | 609 +2 + 11 
2. Adrenalectomized rats given 
S | 8+ 3 | 8 | | 516 -2+411 
3. Hypophysectomized rats, un- 
treated..... 13 534 4 76 72+6 | 529 | —108 + 16 
4. Hypophysectomized rats given 
cortical extract* ' 10 96 + 10 77 4144 | 573 —42 + 13 


* Upjohn’s Adrenal Cortical Extract, 0.5 ml. per 100 grams body weight 2 hours befor 
experiment. 


The rate of fall of the blood sugar after the cessation of glucose infusion was in 
the treated animals slightly lower than in untreated rats (the difference being 
barely significant), but it was still far above the normal rate. 

The eviscerated adrenalectomized rat. The adrenalectomized rat maintained in 
good condition by the administration of salt behaves after evisceration somewhat 
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like the hypophysectomized rat. The blood sugar falls more rapidly than nor- 
mal when no glucose is given, and the glucose requirement for maintenance of 
the blood sugar is increased (tables 1 and 2, fig. 1, groups AK and L). The rate 
at which glucose must be given to the salt treated adrenalectomized animal is 
variable and so is difficult to determine precisely, but it appears to be above 20 
mgm. per 100 grams per hour. 

The adrenalectomized rat also differs from the hypophysectomized rat in im- 
portant particulars. The muscle glycogen does not fall after evisceration as it 
does in the hypophysectomized rat, and the survival time after evisceration is 
longer (table 2). These facts probably indicate that the rate of carbohydrate 
utilization is less in salt treated adrenalectomized rats than in hypophysectomized 
rats. More striking still is the difference in the response of the two types of 
animals to implantation of desoxycorticosterone acetate pellets. Whereas the 
hypophysectomized eviscerated rat was affected only slightly if at all, the adrenal- 
ectomized animal maintained with desoxycorticosterone (without salt) required 
only normal amounts of glucose and the rate of fall of the blood sugar after cessa- 
sation of glucose infusion was within normal limits (fig. 1, curve J and table 1 

Discussion. It appears established that hypophysectomy leads to an increase 
in the glucose requirement of the peripheral tissues and that A.P.E. treatment 
reverses these effects both in normal and in hypophysectomized animals. But 
since salt-treated adrenalectomized rats also show some increase in their pe- 
ripheral utilization of carbohydrate, may this effect of hypophysectomy be due in 
part to adrenal cortical atrophy? The fact that maintenance doses of desoxy- 
corticosterone restored the peripheral carbohydrate utilization rate of adrenal- 
ectomized rats but did not affect that of hypophysectomized rats argues against 
this conception. If such doses of desoxycorticosterone do not affect carbohydrate 
metabolism, as many believe, the adrenalectomized rat when in the best condition 
might be said to have a normal rate of utilization of carbohydrate, and adrenal 
insufficiency could not then be an important factor in producing the increased 
glucose requirement after hypophysectomy. 

The view that adrenalectomy does not specifically increase carbohydrate 
utilization is also supported by the fact that the R.Q. of adrenalectomized ani- 
mals is generally normal (5, 6, 7, 8). Normal or nearly normal deposition of 
glycogen or recovery of absorbed carbohydrate in adrenalectomized rats fed 
glucose has been reported several times (5,9, 10). Two reports, those of Lewis 
et al. (11) and of Evans (12), are in conflict with this view, but, on examination, 
the data they present do not appear to support the conclusion that disappearance 
of administered carbohydrate is notably accelerated after adrenalectomy. 

In view of the small effects of adrenalectomy on carbohydrate utilization, the 
similar results of the administration of adrenal cortical hormones and of anterior 
pituitary extracts in the present experiments are somewhat enigmatic. Evi- 
dence has been considered elsewhere (13, 14) to indicate that the anterior pitui- 
tary can affect carbohydrate metabolism independently of adrenal activity and 
that the principal effects of cortical hormones on metabolism are referable to 
gluconeogenesis; but it may be that cortical hormones given in sufficient quantity 
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can also affect directly or indirectly the rate of carbohydrate utilization. How- 
ever, whether anterior pituitary and adrenal extracts act in an identical manner 
is not shown by these experiments, for the metabolism of peripheral tissues as 
well as that of the intact animal may be affected by administered hormones at 
more than one point. It seems probable that the anterior pituitary acts directly 
upon carbohydrate metabolism in some manner, for effects on muscle glycogen 
are peculiar to A.P.E.; but cortical extract may, for instance, affect the avail- 
ability of fat for direct oxidation, or it might produce its apparent effect by in- 
creasing gluconeogenesis in kidney tissue (15). Evidence obtained from the 
action of cortical hormones in intact animals is not helpful in deciding this point. 
In most experiments, on diabetic, phlorizinized, or fasted rats, cortical hormones 
have appeared only to increase gluconeogenesis (14, 16). Only in rats fed large 
amounts of carbohydrate have adrenal steroids depressed the R.Q. (5, 14), or, 
in one instance, caused excessive glucose excretion (17); and in these cases there 
may be some doubt that direct repression of carbohydrate oxidation by the 
hormones occurred. The low R.Q.’s, presumed to indicate a reduction in car- 
bohydrate oxidation, were accompanied by liver glycogen but not by peripheral 
carbohydrate storage; so they may then as well have been the secondary results 
of abnormal retention of carbohydrate in the liver, or even perhaps have been 
due to a reduction in fat formation. The high rate of glucose excretion could 
have been due to hyperglycemia, produced when massive carbohydrate feeding 
was superimposed on prevailing high carbohydrate levels due to gluconeogenesis. 
Evidently it is still necessary to reserve judgment upon the nature of peripheral 
effects of active cortical hormones on metabolism. 

A question of considerable importance brought up by the present experiments 
concerns the réle of desoxycorticosterone in carbohydrate metabolism. The 
consensus is that desoxycorticosterone in small or moderate doses does not affect 
carbohydrate metabolism in any demonstrable fashion, but some effects of larger 
amounts of desoxycorticosterone on gluconeogenesis and on the blood sugar level 
have been reported (16, 18). It is possible therefore that the eviscerated rat is 
a preparation particularly sensitive to the presence or absence of adrenal hor- 
mones, and that the increased rate of utilization of carbohydrate observed in salt- 
treated adrenalectomized rats and the restoration to normal by desoxycortico- 
sterone are real effects. On the other hand, another explanation for the present 
effects of desoxycorticosterone is possible. It has been reported several times 
in the past that when hepatectomized or eviscerated animals are approaching 
shock states (‘‘in a declining condition’’) the glucose requirement is elevated (19); 
and in this work on eviscerated rats a similar phenomenon was also noted. Some 
experiments have been performed (to be reported elsewhere) showing clearly that 
after hemorrhage the glucose utilization rate of eviscerated rats is much ac- 
celerated. It is well known that adrenalectomized animals are particularly sus- 
ceptible to shock-inducing procedures and that they may often be protected by 
the administration of desoxycorticosterone. These facts suggest that the in- 
creased glucose requirement of salt-treated adrenalectomized eviscerated rats 
may be due not specifically to lack of an adrenal hormone directly affecting car- 
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bohydrate oxidation by the tissues, but to the early development of a shock 
state after evisceration. The desoxycorticosterone may then produce its ap- 
parent effect on carbohydrate utilization by action on the peripheral vascular 
circulation. If the defect in carbohydrate metabolism in hypophysectomized 
animals is referable to lack of a pituitary rather than of an adrenal factor, as 
previously considered, the failure of desoxycorticosterone in these animals is to 
be expected. 

However, it is probably not possible to divorce desoxy corticosterone entirely 
from any participation in metabolism; for the susceptibility to shock of adrenal- 
ectomized animals and their protection by adrenal hormones may itself be due in 
part to the participation of adrenal hormones in metabolic systems affected in 
the syndrome known as shock. 


SUMMARY 


1. The glucose requirement for maintenance of the blood sugar in normal 


eviscerated rats was reduced by about 40 per cent by previous treatment of the 
animals with anterior pituitary extract. 

2. The glucose requirement of eviscerated hypophysectomized rats, which is 
greater than normal, was reduced by anterior pituitary and by adrenal cortical 
hormone treatment. The rate of fall of the blood sugar when no glucose was 
given was reduced to normal by both types of treatment. The loss of muscle 
glycogen, which occurs in untreated hypophysectomized eviscerated rats and 
which is prevented by A.P.E. treatment, was only partially affected by adrenal 
cortical extract. Desoxycorticosterone acetate did not alter the glucose require- 
ments of hypophysectomized eviscerated rats. 

3. Adrenalectomized rats sustained by the administration of salt required more 
glucose than normal rats for maintenance of the blood sugar after evisceration 
The blood sugar fell more rapidly than normal in these rats when no glucose was 
given, but the muscle glycogen did not change during the period studied 
Adrenalectomized rats maintained with desoxycorticosterone acetate (subcu 
taneous pellets) required only normal amounts of glucose after evisceration. 

$. The significance of these observations has been discussed. Reasons were 
advanced for considering that the increased peripheral requirement for carbo 
hydrate of hypophysectomized rats is probably not to any great extent the result 
of diminished adrenal function and that the pituitary and adrenal hormones may 
affect carbohydrate metabolism by different means. 
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The desirability of more complete information on the many physiologic proc- 
esses involved in the repair of injured nerves is universally recognized. It is 
only by acquiring such knowledge that rational methods of treatment of injured 
nerves may be evolved. Through the application of certain technics, we have 
observed in vivo the repair of the posterior auricular nerve of the rabbit after the 
nerve had been injured in a variety of ways. Although our study is far from 
complete, it has been of sufficient promise to warrant a report of our findings 
to date. 

Recently one of us (Rezende, 6) reported the results of a series of experiments 
on grafting and suturing divided peripheral nerves. In that paper considerable 
pertinent literature was presented. Furthermore a very inclusive bibliography 
has been published recently by Young (8) in his able review of the subject of 
injury and repair of peripheral nerves. In addition, two important papers have 
appeared recently, one by Gutmann and Sanders (4) and the other by Weiss and 
Taylor (7). Consequently only the literature that bears an intimate relation to 
the present study will be referred to subsequently in this communication. 

Mernops. A transparent chamber applied to the ears of rabbits by means of 
the technic of the Clarks and their co-workers (2) has been used in this laboratory 
for several years. Clark, Clark and Williams (2) described the ingrowth of 
nerves that accompanied the developing blood vessels in the transparent chamber 
inserted in the ears of rabbits. Because of the fact that living nerves are trans- 
lucent, they are indistinguishable from other tissues when seen with the micro- 
scope. Clark, Clark and Williams stained the newly formed nerves by injections 
of methylene blue in concentrations of 1:50, 1:200, and 1:400 in physiologic 
saline solution. The solution was injected into an artery or a vein in sufficient 
amount to distend the vessels of the chamber with the dve. They occluded the 
circulation for one and a half to three minutes while the dye was kept in the 
vessels. Seven to ten minutes later the nerves were stained an intense blue 
which persisted for thirty-seven to forty-three minutes. 

In the experiments reported here the method of Clark, Clark and Williams for 
staining the nerves was used. Effective concentrations of the dye that appeared 
to be tolerated without serious untoward effects were 2.5 to 5 per cent solutions of 
methylene blue in physiologic saline solution. Concentrations of 15 to 20 per 
cent caused considerable edema of the whole ear as the Clarks and Williams found 
with high concentrations of the dye. 

Besides observing the repair of the nerve following injury, we determined loss 
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of function and its recovery by stimulating the ear by appropriate means and 
observing the response of the animal. 

The transparent chamber. For the present study a transparent chamber similar 
to that used by the Clarks and their co-workers for the study of preformed or 
pre-existing blood vessels was employed. The chamber we used was made from 
lucite. The two disks which made up the upper and lower portions of the 
chamber were cut on a turning lathe from a cylinder of lucite about 25 mm. in 
diameter after the method of Ebert, Florey and Pullinger (3). The lower disk 
when polished measured from 1.75 to 2 mm. in thickness while the upper disk 
was made about 1 mm. thick. Three holes about 1 mm. in diameter were drilled 
through the two disks in the’form of an equilateral triangle to receive the bolts for 
holding together the upper and lower disks of the chamber. From the upper disk 
a smaller disk about 15 mm. in diameter was removed and a layer of mica about 
0.07 mm. thick was glued to the lower surface with a solution of copal in acetone 
and Venice turpentine. The mica and lucite were held in a clamp for about 
twenty-four hours, after which the bolts were placed in position, the nuts applied 
and the chamber thus assembled was submerged in 10 per cent solution of formalin 
or 1:1,000 solution of merthiolate for 60 to 120 minutes. After the chamber 
had been rinsed in physiologic saline solution, it was inserted into the ear of the 
rabbit. 

The insertion of the chamber. The operations were done while the animals were 
under pentobarbital sodium anesthesia (25-35 mgm. for each kilogram of body 
weight given intravenously). The ear was clipped, washed with soap and water 
and placed in 1:500 solution of metaphen or 1:1,000 solution of merthiolate for 
fifteen minutes. The antiseptic was placed in a 50 ce. centrifuge tube in which 
the ear was submerged. Precautions to ensure sterility were observed through- 
out the operation. 

The procedures for insertion of the chamber were as follows: 1. The upper 
portion or disk of the window was placed so that the medial artery passed near 
the middle of the disk. 2. The ear was spread on a large cork and when the disk 
was placed satisfactorily, sewing needles were thrust through the ear into the cork 
to mark the position of the bolts which were to be inserted later. 3. The upper 
disk was then removed and with a scalpel having a narrow, thin blade the skin 
was cut through and separated from the blood vessels and cartilage for a few 
millimeters. After this a blunt probe was inserted and the skin was elevated from 
the cartilage about 5 to 8 mm. beyond the area to be covered with the upper disk 
of the chamber. The skin on the ventral surface was not disturbed. 4. From 
the center the skin was incised radially to each of the sewing needles but not 
beyond it. 5. The sewing needle was passed into the lumen of the hypodermic 
needles and the latter was then thrust through the ear; the sewing needles were 
removed, after which the bolts were inserted into the hypodermic needle. The 
hypodermic needle was then removed and the bolt left in place through the ear. 
6. After the three bolts were placed the lower disk was put in position and the 
nuts were applied. 7. If the nerve was to be sectioned or a graft placed, it was 
done at this point. 8. The upper disk was then put in position, the bolts were 
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placed and the nuts applied. 9. The skin was then brought over the periphery 
of the upper disk and trimmed just sufficiently to expose the central disk of mica. 
10. The nuts were then tightened to the desired degree, which completed the 
procedure. The entire operation can be done in twenty minutes. 

Observations of the tissues in the chamber were made with the aid of a dissect- 
ing and a compound microscope. 

DESCRIPTION OF EXPERIMENTS AND RESULTS. One of the most striking de- 
velopments in the experiments thus far has been the response of the circulation of 
the nerve to injury. In a recent review Adams (1) emphasized the fact that 
normal peripheral nerves as well as the central nervous system are highly vascular. 
Our observations on living functioning nerves strongly support this thesis. Re- 
gardless of the nature of the injury to which the auricular nerves were subjected, 
the first occurrence thereafter was the extensive development of a complex net- 
work of blood vessels which formed in the crushed region of the nerve, or which 
spanned the gap between the proximal and distal stumps when the nerve was 
sectioned or when part of the nerve was resected. Similarly when a graft was 
placed in the course of the nerve, it was first completely vascularized whether it 
was an autograft or a homograft. This was true whether it was a graft made 
from fresh or from preserved nervous tissue. The graft, particularly when made 
from preserved material, could be distinguished for several days as an opaque area 
of diminishing size in the course of the nerve. Vascularization occurred much 
more rapidly (seven to ten days) in the fresh than in the preserved materia] 
whether an autograft or a homograft was used. In the case of homografts made 
from preserved nerves, what appeared to be complete vascularization required 
fourteen to twenty-one days. In all experiments the initial vascularization ap- 
peared to be in excess of the ultimate needs of the nerve since the complex 
network of vessels gradually became reduced until the vessels of the region of 
injury or of the graft could be distinguished from those in the proximal and distal 
portions of the nerve only with considerable difficulty. That is, the vascular 
architecture finally took on the appearance of that of the normal nerve. 

Following the vascularization of the injured region or of the graft, ingrowth of 
nervous tissue occurred after varying lengths of time. The limited number of 
experiments done in any of the following series of experiments makes it advisable 
to consider the statement of the time required to produce a given result as tenta- 
tive since a much larger series of experiments must be done before an adequate 
idea of the range of time required for a given result can be had. 

Series 1 (4 expts.). In a series of control experiments 2.5 per cent solution of 
methylene blue was injected through the marginal vein of the ear, the injected dye 
being held in place by preventing circulation of blood as described by the Clarks 
and Williams. Fifteen minutes later the vessels and nerves were denuded of skin, 
care being taken to cause as little injury to the underlying blood vessels and 
nerves as possible. Under optimal conditions the skin may be removed without 
gross hemorrhage being produced. An examination of the tissues thus exposed 
revealed deep blue bands of various diameters passing along the medial auricular 
artery with secondary bands passing laterally into the adjacent tissue. The 
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former were components of the posterior auricular nerve and the latter were its 
branches. The deep blue staining bands have been interpreted as the axis-cy]- 
inders of the posterior auricular nerve and its branches (fig. 1). 

Series 2 (18 expts.). In this series of control experiments the transparent 
chambers were applied to the ears with the least possible disturbance of the blood 
vessels and nerves. When complete recovery had occurred, which required ten 
to fourteen days, the tissues of the chamber were stained for three to five minutes 
with appropriate concentrations of the dye. It was demonstrated that the 
portion of the nerves that had been placed in the chambers and allowed to remain 
there indefinitely stained as did the nerves in the ears of the rabbits in series | 
(fig. 2). 

Series 3a (6 expts.). From the observations just described, it was evident that 
the presence of the chamber did not alter the staining character of the nerves. In 
the series now under discussion the nerve was exposed, separated from the medial 
artery for a short distance and then crushed between forceps for a distance of 
about 5 mm., after which the chamber was applied. The sequence of events was 
then followed until recovery or until the preparation failed for some reason. 
Only two of the preparations in this series were successful, since in the other 
preparations the tissues of the chambers became infected after various periods 
following the operation. Within fourteen days following the operation the 
vessels of the nerves that had been crushed appeared to have recovered fully 
from their injury. The vascular architecture looked quite as it did in an un- 
crushed nerve (fig. 3a and b). In one of the animals the crushed nerve had 
apparently fully recovered its function seventy-two days after injury, since the 
animal responded to stimulation of the ear in an area supplied by the posterior 
auricular nerve, which it did not do just after the operation. Staining with 
methylene blue showed that axis-cylinders had grown across the injured region 
into the distal uninjured portion of the nerve. 

Series 3b (4 expts.) In these experiments the transparent chambers were ap- 
plied as described in series 2. After complete recovery from the operation in 
certain of the animals the tissues of the chamber were stained with methylene blue 
to determine the condition of the nerve. If the preparation was in every way 
satisfactory at a later date, the nerve was crushed near the base of the ear as in 
series 3a. The operation was done quickly and easily while the area was under 
infiltration anesthesia with procaine hydrochloride. Twenty-four to forty-eight 
hours after the operation the ear was stimulated to determine the presence or 
absence of function of the nerve. In every instance the injury of the nerve was 
sufficient to destroy its function. Five days after the nerves were crushed, they 
failed to stain as they did before being crushed. There were only one or two 
faintly staining bands, a fact which indicated that the axis-cylinders had almost 
completely degenerated in each instance. Experiments are now in progress to 
determine the time necessary for the axis-cylinders to regenerate from a point 
proximal to the injury through the transparent chamber, which is a distance of 5 
to 10 cm. 

Series 4. Resection. In one experiment a piece of the posterior auricular nerve 
about 3 or 4 mm. long was resected. In addition there was enough retraction of 
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the nerve to produce a gap about 5 mm. long. The space between the proximal 
and distal stumps was bridged within five days by a rich supply of blood vessels 


Fig. 1. Denuded central artery and posterior auricular nerve with two of its branches 2s 
seen in the ear of the rabbit after staining with 2.5 per cent solution of methylene blue (x5). 

Fig. 2. Tissues in transparent chamber inserted in the ear of a rabbit. Picture taken 
after staining tissues with methylene blue. Nerve indicated by deeply stained bands (5). 

Fig. 3a. Transparent chamber showing effect of crushing posterior auricular nerve (5 
b. Same fourteen days later when circulatory repair was largely completed 

Fig. 4a. Tissues in transparent chamber, unstained; blood vessels and posterior auricular 
nerve from which a piece (A to B) had been resected sixty-four days previously (X5). 6 
Same after staining with methylene blue. The bundles of nerve fibers can be seen passing 
from the tip of a neuroma (A) to the distal stump (B) (X8). 


whose development preceded the ingrowth of nerve elements. Twenty days after 
the operation, staining the chamber with methylene blue revealed that axis-cyl- 
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inders were growing out from the proximal stump and proceeding toward the 
peripheral stump of the nerve. On the proximal stump a neuroma had developed 
and gave the appearance of a whitish bulb from which issued a large number of 
blue staining bands, suggesting the appearance of a small onion with its attached 
roots (fig. 4a and b). 

About three months after the operation the distal stump after staining showed a 
rich supply of axis-cylinders in every way like those seen in the stained normal 
nerve. Undoubtedly they would have been seen much earlier had the ear been 
stained. At this time there was apparently complete return of sensory function 
which probably would have been found present much earlier had tests been made. 

Series 5. Grafting of nerves. In order to observe the effect of the insertion of 
various kinds of grafts into defects made in the auricular nerve many experiments 
were necessary, some of which will next be considered. 

a. Autografts (1 expt.). In this experiment a piece of the posterior auricular 
nerve was resected, turned end for end and placed in the defect created by its 
removal. As in all the other experiments, the graft was soon invaded by blood 
vessels and after fifteen days the graft could not easily be distinguished from the 
rest of the nerve, so effectively had the repair of vascular damage been made. 
Little change of the vascular supply of the graft occurred during the two weeks 
that followed. Further observation was prevented by the death of the animal. 

b. Homografts, fresh (6 expts.). In these experiments the nerves of the right or 
left ear of two rabbits were exposed and a section (about 5 mm.) of the auricular 
nerve of one was removed and placed in the defect made in the auricular nerve of 
the other and vice versa. The complete vascularization of the homografts pro- 
ceeded as described for the autograft. There did not appear to be an untoward 
reaction of the tissues of the ear to these grafts. The newly developed blood 
vessels appeared to have reached their definitive form in about fourteen days as in 
the autografts. The desirability of perfect alinement of the graft with the 
proximal and peripheral stumps of the nerve was demonstrated in this series of 
experiments. In two instances the alinement was poor owing to displacement of 
the graft when the upper disk of the chamber was applied. In these cases axis- 
cvlinders were not found passing through the body of the graft but were observed 
outside it. In contrast, in the experiments in which there was more perfect 
alinement, the axis-cylinders appeared to pass through the body of the graft. 
Proper alinement of the graft is facilitated by the use of a reading glass and the 
application of 20 per cent solution of acacia glue—which assists in holding the 
graft in place. In one animal axis-cylinders had grown through the graft in 
about seventy days. Vigorous response followed stimulation of the anterior 
lateral margin of the ear thirty days later. 

c. Homografts, preserved (8 expts.). Auricular and peroneal nerves were fixed 
and preserved in 10 per cent solution of formalin for indefinite periods. When 
desired for use they were soaked for twenty-four hours in several changes of water. 
They were then placed in 95 per cent alcohol for twelve hours, after which they 
were left in physiologic saline solution for a few hours before being used. The 
grafts were 5 to 10 mm. long. An attempt was made tocut the graft long 
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enough to abut at each end against the cut ends of the auricular nerve. Care was 
also taken to place the graft in as nearly perfect alinement as might be. This 
part of the operation was done under a large reading glass. 

It required from seven to fourteen days longer for the preserved grafts than for 
the fresh grafts to become completely vascularized. Ultimately, they were 
incorporated in the auricular nerve in the same manner as the fresh homografts 
and the axis-cylinders traversed them successfully, but the time necessary for 
their growth appeared to be greater since it required as much as five months in 
one experiment for complete repair and restoration of function. 

d. Grafts protected with cellophane. In two experiments cellophane was placed 
under the proximal and distal ends of the nerve and under the graft. It was 
thought that invasion of connective tissue might be controlled or at least re- 
duced by a cellophane barrier. Whether this was the case was not settled. 
However it was found that blood vessels grew into the graft from the proximal 
end in abundance. The number of experiments was insufficient to justify any 
further statement at present. 

Series 6 (4 expts.). In the experiments now to be described the transparent 
chambers were applied as described in series 2. After complete recovery from 
the operation the tissues of the chamber were stained and the condition of the 
nerve was determined. If the preparation was in every way satisfactory, the 
next step was to section the auricular nerve near the base of the ear. This was 
done quickly and easily while the area was under infiltration anesthesia with 
procaine. Subsequently the tissues of the chamber were stained at intervals of 
seven to fourteen days to determine the progress of regeneration, if any. Under 
the conditions of these experiments the axis-cylinders after degeneration must 
make connection with the peripheral stump and traverse a distance of 5 to 8 cm. 
before they can be seen in the transparent chamber. Eight experiments of this 
nature are now in progress. All that can be said at, present is that the nerves fail 
to stain with methylene blue about a week after the nerve is sectioned. 

We propose to place grafts in defects made in the posterior auricular nerves 
near the base of the ear and compare the rate of regeneration and repair with 
results obtained in experiments in which the nerve was crushed or sectioned. 

ComMENT. In all of the experiments done thus far we have observed the 
formation of only one neuroma and that occurred on the proximal stump of a 
nerve, a piece of which had been resected. Apparently the presence of a graft in 
some way prevented the formation of neuromata. It will be interesting to ob- 
serve the results of future experiments in this respect. 

Perhaps the most significant observation in this study was that concerned with 
the development of the circulation in connection with the repair of the injured 
nerve. It is reasonable to expect the development of the circulation to precede 
the repair of the nerves and it is important to demonstrate that such is actually 
the case. The embryologic development of the peripheral circulation precedes 
that of the peripheral nervous system and regeneration of the peripheral nerves of 
the adult animal apparently passes through the stages which the nerve passed 
through during embryonic life. It may be assumed from what has been said of 
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the importance of the circulation in the regeneration of the nerves that every 
effort should be made to provide an adequate blood supply for injured nerves in 
order that their repair may be facilitated. According to a recent indirect report 
of the work of certain Russian physiologists, they have made observations similar 
to those we have just described: “‘The great réle of blood vessels was ascertained, 
which were shown to change and develop within the damaged area of the nerve 
stem” (5). The report also stated that a method was devised for observing the 
regeneration of nerves in a live animal by means of vertical microscopic illumina- 
tion. Evidently the Russian workers have also observed what we have seen 
with respect to the ingrowth of the blood vessels into injured nerves. 


SUMMARY AND CONCLUSIONS 


Observations have been made in vivo of the repair of the posterior auricular 
nerve of the rabbit after injury had been done to the nerve in a variety of ways. 
By the use of transparent chambers and intravital staining, injury and repair of 
nerves could be observed. The transparent chamber and its application to the 
ear are described. 

Nerves were observed subsequent to crushing, sectioning and grafting with 
fresh autografts as well as with fresh and preserved homografts. 

Regardless of the nature of the injury to which the nerves were subjected, the 
first occurrence thereafter was the development of a complex network of blood 
vessels which formed in the crushed region, or which spanned the gap between 
the proximal and distal stumps when the nerve was sectioned or when a part of 
the nerve was resected. Similarly when a graft was placed in the course of the 
nerve, it was first completely vascularized whether it was an autograft or a fresh 
or preserved homograft. Repair of the nerves occurred more rapidly when 
fresh than when preserved grafts were used. 

The results of the work presented strongly emphasize the importance of the 
circulation in the regenération of nerves and suggest that after injury to nervous 
tissue every effort should be made to provide an adequate blood supply for the 
injured nerves in order that their repair may be facilitated. 
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A number of conditions such as denervation, acute inanition, immobilization 
and tenotomy lead to extensive and rapid atrophy of skeletal muscle. The 
basic causes for the numerous changes which take place in muscles undergoing 
atrophy in the above conditions are not well understood. The atrophies due to 
denervation, immobilization and tenotomy have at least one factor in common, 
namely, that of a failure of the muscle fiber to develop tension. Scant consider- 
ation has been given to the possibility that lack of tension development may 
also play an important réle in the muscle changes accompanying acute inanition. 
Carey (1) has concluded chiefly from morphologic studies on the intercostal 
muscles of rats that acute inanition is accompanied by a progressive denervation 
or uprooting of motor nerves which results in a structural detachment of a portion 
of the motor fibers. This report is concerned with a comparative study of the 
functional characteristics of muscles undergoing atrophy from acute inanition 
and denervation and also includes observations on the state of neuromuscular 
transmission in intact and regenerating nerves of fasting animals. 

EXPERIMENTAL METHODS. The studies were carried out on the gastroc- 
nemius muscles and tibial nerves of adult albino rats. The animals were 
placed in individual cages and deprived of all food except water. The duration 
of the longer fast periods averaged 11 days during which time the animals lost 
about one-third of their body weight. The controls consisted of animals from 
the same stock and of the same age group and had access at all times to their 
usual diet. In a number of animals complete denervation of one gastrocnemius 
muscle was accomplished by crushing the tibial nerve with a heavy ligature. 
The nerve and muscle of the contralateral unoperated limb were used as controls. 
A period of 21 days was allowed for the partial regeneration of the nerve. Some 
of these operated animals were fasted for the last 11 days of this period. Other 
operated animals were non-fasted and served as controls for this group. 

The strength of the muscles was determined by measuring the maximal iso- 
metric tension which developed in response to volleys of slightly supermaximal! 
stimuli applied to the tibial nerve and directly to the muscle. The techniques 
employed for stimulation and strength measurements have been described in 
detail elsewhere (2). Following the strength measurements the muscles were 
dissected, weighed and analyzed for creatine. 

A search was made for the presence of fibrillary activity in the muscles of 
fasting animals by amplification of the action potentials led from needle elec- 
trodes buried in the intact muscle and by visual observation of the exposed 
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muscle. In order to check on the adequacy of the electrodes and amplification 
system the tibial nerve of one limb was sectioned 3 to 4 days before the termina- 
tion of the fast. This made it possible simultaneously to compare the action 
potentials in the contralateral muscles of an animal, one muscle subjected to 
fasting, its contralateral member to combined denervation and fasting. 
Attempts were made to ascertain whether the muscles from animals subjected 
to prolonged fasting exhibited an increased sensitivity to acetyl choline com- 
parable to that displayed by denervated muscle. The tests of acetyl choline 
sensitivity were made upon rats which had been fasted for a period of 11 days. 
In order to provide a control for the effectiveness of the injection techniques, 
the tibial nerve of one limb was sectioned 4 to 5 days before the tests were 
made. The gastrocnemii were exposed and the tendons attached to light isotonic 
levers which recorded on a kymograph. The animals were kept under light 


TABLE 1 


A summary of average values and standard errors for muscle creatine and strength elicited 
by direct and nerve stimulation 


| PER CENT CREATINE PER 100 GMs. 

DURATION | NUMBER OF LOssOF | MUSCLE | 
OF FAST | ANIMALS BODY 
| WEIGHT | } 


TENSION (NERVE*) 
TENSION (MUSCLE*) 
100 


GMS. TENSION 


Fasted | Denervatedt' 


hours | 
| 


0 92.0 +1. | 9.40 40.42 
10.8 91.5 +2. 10.00 +0. 42 
19.2 | 95.3 +2.4 9.05 +0.54 
28.8 | | | 93.9 +4. | 8.63 +£0.96 
| 22 31.0 | 8.27 +0.49 


| | 

| | 91.841.0 | 9.70 40.16 


* Stimulation. 
t At degrees of atrophy comparable to that of the weight loss in muscles of fasting rats. 


anesthesia and given 0.1 mgm. atropine sulfate and 0.1 mgm. eserine sulfate a 
few minutes before the intravenous administration of 1 mgm. acetyl choline. 
Resutts. Under the conditions of our experiments the ratio of the tension 
developed by the gastrocnemius muscles of normal control rats in response to 
nerve stimulation to that elicited by direct muscle stimulation was quite constant 
(table 1). This ratio was not altered even in the terminal state of a prolonged 
fast. This finding indicates that prolonged acute inanition did not lessen the 
capacity of the motor nerve to activate its muscle and offers evidence against 
any functional denervation of muscle during prolonged acute inanition. Table 1 
summarizes the average values forthe strength of the gastrocnemius, when 
measured by the tension which developed in response to nerve stimulation and 
expressed as total grams of tension per gram of body weight. It is to be noted 
that even in the terminal stages of a fast, motor nerve stimulation elicited in 
the gastrocnemius muscle a tension response per unit of body weight which was 
only slightly less than the values observed in the muscles of well fed animals. 
The loss in strength in the gastrocnemius muscle during acute inanition was 
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found to parallel closely the loss in total body weight. The loss in contractile 
strength per unit of muscle cell phase was found to be much greater in denervated 
muscle than in fasting muscle undergoing comparable amounts of weight loss (2). 
Muscles from fasting animals exhibited an increased creatine concentration, 
while muscles previously subjected to denervation contained a lower concen- 
tration of creatine. 

The data (table 2) on the tissues from animals subjected to the denervation 
operation indicate that the regenerating nerve fibers of fasting animals were 
able to make functional contacts with muscle units quite as effectively as those 
of well nourished animals. The ratio of the isometric tension developed by 
muscles at 21 days after denervation to that developed by their unoperated 
contralateral controls was precisely the same in fasting as in well nourished 
animals. This was true for both the response to stimuli appiied directly to the 
muscle and to indirect activation through the regenerating nerve. Likewise the 
degree of atrophy at this time as determined by the relative weights of muscles 


TABLE 2 
Summary of average values and standard errors for control and fasted animals 
Tests were made at 21 days after tibial nerve crush. The fasted animals were without 
food for the last 11 days. 


RELATIVE STRENGTH OF DENER 
WEIGHT OF VATED MUSCLE® WHEN ACTIVATEI 
NUMBER OF PER CENT LOSS 


CON N THROUGH 
COMDITION ANIMALS OF BODY WEIGHT 


Nerve Muscle 


Control.....| 17 107 64.4 +1.5 31.9 +2.5 50.9 +2.3 
Fasted 11 119 32.6 +3.3 65.1 +2.4 32.8 +3.2 48.9 +2.8 


* Expressed as per cent of that found in non-denervated contralateral control. 


from operated and non-operated limbs was essentially the same in fasting and 
non-fasting animals. 

Many attempts were made to ascertain the presence or absence of fibrillary 
activity in muscles of animals subjected to acute inanition. The techniques 
employed were such as consistently to reveal their presence in the denervated 
muscles of control and fasting animals. However, in no instance was evidence 
found for the presence of fibrillary contractions in the gastrocnemius muscles of 
fasting animals. This was true even in the terminal states of acute inanition. 

Under the conditions of our experiments denervated muscle. consistently 
develops a contracture response to less than 1 mgm. of intravenously injected 
acetyl choline (3). However, 1 mgm. of acetyl choline consistently failed to 
evoke any contracture response in non-denervated muscles of fasting animals 
under conditions which permitted a typical response in the muscles of the 
contralateral denervated limbs. Our findings do not establish the fact that 
muscles from fasting and non-fasting animals exhibit the same degree of sensi- 
tivity to acetyl choline injections but rather that fasting muscles do not display 
an increased sensitivity comparable to that of denervated tissue. 
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Discussion. These investigations point to a normal state of neuromuscular 
relationships during acute inanition and are opposed to the concept that a 
‘fasting denervation” exists in such a condition. If any appreciable decrease 
occurs in the tension developed by skeletal muscle during acute inanition, it 
must be ascribed to factors other than the capacity of motor nerve to activate 
its muscle. Although for technical convenience our studies were made upon 
the gastrocnemius muscles while those of Carey (1) were made upon the inter- 
costal muscles, it is not apparent that any fundamental differences should exist 
between these two muscle groups in their responses to acute inanition. We 
were unable to find that muscles from fasting animals exhibit any of the typical 
characteristics of denervation atrophy. The increased sensitivity to acetyl 
choline injections and the constant presence of fibrillary contractions are highly 
specific and sensitive criteria for the state of motor denervation. These were 
consistently absent from the gastrocnemius muscles of fasting rats. Moreover 
important differences were noted between denervated and fasting muscles with 
respect to creatine concentration and strength. These findings together with 
the observation that nerve stimulation elicits the same amount of tension in 
muscle relative to that from direct activation in both fasted and well nourished 
animals argue against any significant denervation or trophic estrangement of 
muscle and nerve in acute inanition. Whatever the functional significance of 
the morphologic changes in neuromuscular terminations described by Carey (1) 
may be, it is apparent that the changes taking place in muscle during acute 
inanition cannot be attributed to denervation. 


SUMMARY 


A comparative study was made of atrophies due to acute inanition and denerva- 
tion in the tibial nerves and gastrocnemii of albino rats. No evidence was found 
that prolonged acute inanition resulted in ‘functional denervation” of skeletal 
muscle. The muscles of fasting animals did not exhibit characteristics typical 
of denervation atrophy, such as the presence of fibrillary activity and the con- 
tracture response to acetyl choline injections. Nerve stimulation elicited the 
same amount of tension relative to that from direct activation in both fasted 
and well nourished animals. The regenerating nerve fibers of fasted animals 
were able to make functional contacts with muscle units quite as effectively as 
those of well nourished animals. 
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In 1934 Schnohr (1) reported studies on the effect of anoxia on intestinal 
peristalsis in rabbits. He inserted an oval cellophane window in the abdominal 
wall and observed that anoxia or an increase in COQ». concentration in the blood 
caused an immediate cessation of all intestinal movement. 

Peterson, Smith and Hale (2) in 1938 using a modification of Macht’s tech- 
nique studied the effect of CO on gastrointestinal peristalsis in rats. They 
reported that when the blood was saturated from 70-80 per cent with CO, 
gastrointestinal peristalsis was inhibited 33 per cent. ‘‘The egestion time’”’ 
by which they meant the time required for the first appearance of fecal pellets 
following the test meal was prolonged 22 per cent. Emerson (3) in 1937 using 
Macht’s technique and also working with rats reported that surgical anesthesia 
with ether inhibits the motility of the small intestine for the period of its dura- 
tion. By the second hour after anesthesia was terminated normal activity of 
the intestine was regained. 

No quantitative data have been published of the effect of anoxic anoxia on 
the peristalsis of the small intestine. So far es the authors are aware, more- 
over, no studies ever have been reported to show what effect, if any, anoxia has 
on the movements of the colon. It was deemed that such studies were timely. 

Meruops. The small intestine. The animals used in this study were dogs 
and mice. Essentially, Macht’s technique was employed in these investigations. 

Dogs. Matched pairs of dogs were used, one animal to serve as control, the 
other as the experimental animal. They had had no food for 24 hours previous 
to the experiment. About 40 cc. of a mixture of 10 per cent charcoal suspension 
in 10 per cent gum acacia in water was given by stomach tube. Eight minutes 
following intubation the experimental animal was placed in a low pressure 
chamber and subjected to oxygen want. The accumulation of CO, in the 
chamber was prevented by providing for adequate ventilation. The control 
animal was placed in the immediate vicinity of the chamber. Both animals 
were subjected to the same temperature and all factors were controlled as care- 


fully as it was possible to do. 

At the end of 30 minutes the animals were allowed to breathe a fatal con- 
centration of ether, the small intestines were removed, slit open and the distance 
which the charcoal mixture had traversed the intestine was measured with a 
meter stick. 


1 Aided by a grant of the Ella Sachs Plotz Foundation. 
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The following partial pressures of oxygen were used: 80, 63, 53 and 43 mm. 
Hg corresponding to atmospheric pressures of 379, 294, 246 and 206 mm. Hg 
and to approximate altitudes of 18,000, 24,000, 28,000 and 32,000 feet respec- 
tively. 

Mice. Macht’s technique was also applied to young adult mice. Groups 
of 5 mice were rapidly given intragastric injections of 1 ce. of 10 per cent charcoal 
suspension in 10 per cent acacia and (10 min. later) were placed in the low 
préssure chamber. An equal number of controls were used. The mice were 
removed from the chamber at the end of thirty minutes, that is, 40 minutes after 
intubation and killed by a blow on the head. The control mice too were sacri- 
ficed in the same way at the end of 40 minutes. The small intestines were 
removed and the distance the charcoal mixture had traversed was measured. 
Three partial pressures of oxygen were used: 94, 80 and 47 mm. Hg correspond- 
ing to atmospheric pressures of 446, 379 and 225 mm. Hg and to approximate 
altitudes of 14,000, 18,000 and 30,000 feet respectively. 


TABLE 1 


The effect of anoxia on peristalsis of the small intestine in mice 


CONTROL ANOXIA 
pO. ALTITUDE Cm. of gut Cm. of gut “rr 
Number of Length traversed Number of Length traversed 
animals of gut at end of animals of gut at end of 
40 min. 40 min. 
mm. He Jeet 
94 14,000 20 47.1 42.6 20 46.6 39.4 >0.1 
SO 18,000 25 44.3 39.7 25 44.4 30.5 <0.001 
48 30,000 25 43.4 20 44.7 <0.001 


39.1 


24.9 


* According to Fisher. 


The colon. Only dogs were used when the colon was studied. They were 
given 300 mgm. of sodium barbital intravenously. The colon was exposed and 
tracings were taken of the movements of the longitudinal muscles and also 
of the circular muscles. They were not, however, taken simultaneously. The 
movements of the longitudinal muscles were taken by means of an enterograph 
described by Lawson (4). The movements of the circular muscles were recorded 
by simply inserting into the colon a small balloon, which was attached to a Marey 
tambour. The balloon was distended to a pressure equivalent to about 8-10 
em. of water. Anoxia was produced by diluting oxygen with nitrogen to the 
desired percentage, and administered by an appropriate apparatus described 
elsewhere (5). 

Resutts. The smail intestine. The results are shown in tables 1 and 2. 
The data indicate that intestinal activity in mice is not materially affected at a 
partial pressure of oxygen of 94 mm. of Hg, but if lower partial pressures are used, 
there is a statistically significant decrease in intestinal movements. 

In expressing the results obtained in mice the actual distance the charcoal 
traversed was used, because the average gut lengths in control and experimental 
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animals were substantially the same with but little individual variation. In 
the dogs although an earnest attempt was made to select matched pairs there 
was considerable individual variation in the gut lengths and it was, therefore 
deemed best to use percentage figures. 

Anoxia apparently did not affect the intestinal activity of dogs. Even when 
extreme grades of anoxia were emploved (partial pressure of oxvgen of 43 mm 


TABLE 2 

The effect of anoxia on peristalsis of the small intestine of the 
pOe (mm. Hg 159 
Altitude (feet 0 18. (0K 
Number of animals 7 
Mean distance traversed (per cent 65 62 77 71 54 
Standard deviation 22.5 11.5 10.1 2.3 17.2 
Range 20-94 50-73 63-85 24-95 25-91 


Figs. I and II 


Hg) intestinal activity in the anoxie animals did not differ significantly from the 
controls. 

Figure I shows the effect of anoxia on the contraction of the longitudinal 
muscles of the colon. It will be noted that 12.8 per cent of oxygen practically 
abolished colonic contractions. There was practically no change in tone. 
Figure II which illustrates the contractions of the circular muscles of the colon 
shows that anoxia also causes a diminution of the contractions of these muscles 
The threshold for both longitudinal and circular muscles lies from about 


! 12.8 % O2 | 
} 
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14-12 per cent oxygen, which corresponds approximately to partial pressures 
of 110 and 94 mm. Hg and to simulated altitudes of 10,000 and 14,000 feet 
respectively. 

Discussion. It has been shown previously that an effective degree of anoxia 
is capable of decreasing hunger contractions (6) and digestive peristalsis (7). 
It has been shown also that anoxia may delay gastric emptying in both man 
(8) and dog (9). It is believed that the small intestine has the same innerva- 
tion as the stomach. In view of this it would be expected that the movements 
of the small intestine would likewise be inhibited by anoxia. 

The data which we present are obviously not in entire accord with the results 
reported by Schnohr (1) who found that anoxia produced an immediate cessation 
of intestinal movements. Our observations on dogs indicate that anoxia had 
no effect on intestinal peristalsis, and mice even when subjected to severe grades 
of anoxia showed only a partial inhibition of intestinal peristalsis. Schnohr 
used rabbits, but there is no reason to believe that these animals would react 
differently to anoxia than other mammals. 

It is of interest to comment on the intestinal peristalsis seen in the guinea pig 
under certain conditions. If this animal be struck a blow on the head and if its 
abdomen be opened at once, the intestines often will show a vigorous peristalsis. 
This stimulation presumably is brought about by the fulminating anoxia, 
which in this instance is both of the anoxic and anemic type. It may be that 
under these conditions the two types of anoxia are synergistic to each other. 
Carbon dioxide, of course, is also present. This pronounced increase of in- 
testinal peristalsis, however, is only transitory in nature and the intestines soon 
become quiescent. This increase in peristalsis produced by the fulminating 
anoxia, however, is quite a different phenomenon than that brought about by 
prolonged anoxia of much less severe grade. 

There is considerable evidence that anoxia stimulates the sympathetic nervous 
system, and causes liberation of epinephrine from the adrenal glands. Since 
the inhibitory fibers to the small intestine are carried by the sympathetic division 
of the autonomic nervous system it would be expected that anoxia would inhibit 
the small intestine in the dog as it does the stomach. We can offer no explana- 
tion why the small intestine of the dog did not respond to anoxia. 

In order to ascertain whether the method we used to determine intestinal 
motility in dogs was satisfactory, a number of animals were intubated and 
given the charcoal mixture previously described and ephedrine (25 mgm./kgm.) 
Was given subcutaneously 3 minutes later. This preparation produced a statis- 
tically significant decrease in the propulsive type of peristalsis of the small 
intestine. It is of interest to point out that ephedrine produces a marked 
delay in gastric emptying (10) and thus has an effect similar to anoxia. 

In another series of animals prostigmine (0.5 mgm./kgm.) was administered 
also subcutaneously following intubation. These animals showed a statistically 
significant increase in intestinal peristalsis. Due to the results obtained by the 
use of ephedrine and prostigmine it was concluded that our method of de- 
termining intestinal motility in the dog was a workable one. 
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The accompanying graphs clearly show that anoxia produces a diminution 
in the height of contractions of both the longitudinal and circular muscles of the 
colon. In most instances following the period of anoxia a supernorma! phase 
intervened; this, however, was not always manifested. Anoxia generally 


caused a loss of tone, although occasionally no change in tone was noticeable 
An occasional animal was quite resistant to anoxia, but in the average dog the 
threshold value was found to be about from 14 to 12 per cent oxygen which 
corresponds to a simulated altitude of 10,000 to 14,000 feet respectively. 

It often has been stated that the colon does not have as rich an arterial blood 
supply as does the upper part of the gastrointestinal tract. If this is true, it 
might be expected that the colon would be more resistant to anoxia than would 
the stomach or small intestine. In most animals, however, colonic movements 
were quite sensitive to oxygen want. In no case, moreover, did anoxia actually 
stimulate contractions of the colon or cause defecation to take place. It is 
of interest to mention that although defecation did not take place while the 
animals were under barbital anesthesia unanesthetized dogs often defecate when 
they are subjected to severe grades of anoxia. It is possible that the anesthetic 
agent depressed the defecation reflex. 


SUMMARY 


The effect of anoxia was studied on the activity of the small intestine in normal 
mice and dogs. Essentially Macht’s technique was employed. It was found 
that partial pressures of oxygen of more than 94 mm. Hg had no effect on the 
intestinal motility of mice; lower partial pressures caused a statistically signi- 
ficant decrease in intestinal motility. The motility of the small intestine of 
dogs was unaffected by anoxia within the ranges used (partial pressures of oxygen 
from 80-43 mm. Hg). 

The effect of anoxia was also studied on the motility of the colon of barbitalized 
dogs. Anoxia produced a diminution in the height of the contractions of both 
the circular and longitudinal muscles. In the average dog, activity was first 
decreased at partial pressures of oxygen from 110-94 mm. Hg corresponding to 
approximate altitudes of 10,000 to 14,000 feet. 


” We wish to express our best thanks to Dr. Hampden Lawson for the use of 
his enterograph. 
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